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 Understanding and controlling the interactions that occur between cells and engineered 
materials (i.e. attachment-detachment, or that influence cell development, function or fate) are 
central challenges towards progress in the development of biomedical devices and regenerative 
medicine therapies.  A particularly complex system to translate in vitro is that of the dorsal root 
ganglion (DRG), an interesting research target due to its relevance in peripheral nerve repair, and 
to its connection to the non-regenerative central nervous system (CNS). Severe peripheral nerve 
injuries have a limited regenerative capacity, with interventions typically not leading to full 
functional recovery. Ways to improve functional recovery include engineering devices that 
connect to both injured sides, having both cell growth guiding properties and a gradient contour 
to control the extent of cell-scaffold interactions. Direct ink writing (DIW) is prominent among 
fabrication techniques relevant to tissue engineering due to its versatility in terms of the range of 
materials that can be used and the limitless geometries that are easily programmed. This thesis 
describes three different in vitro systems, representing increasing functionality towards next 
generation 4D scaffolds for nerve reconstruction in vitro or nerve regeneration in vivo. The first 
takes advantage of cell-extracellular matrix interactions and presents an extracellular matrix 
(ECM)-mimetic surface treatment which, combined with DIW scaffolds of a wide range of 
geometries and a “blank-slate” hydrogel (pHEMA), leads to a means to exert control on the 
degree of cell-scaffold interactions, and manipulate cell culture development in 4D. The second 
explores a different class of scaffolds, compressively buckled mesostructures, which can be used 
as high-strain cellular frameworks leading to interesting cell behavior depending on scaffold 
strain and geometric aspect ratio. Further, this approach allows for the incorporation of increased 
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functionality into these mesostructures, as they can function as electronic scaffolds for 
stimulation and recording of action potentials from DRG cells. Finally, the third approach 
combines efforts of the first two projects, building upon the ink and surface chemistries explored 
in the first, and the geometries explored in the second, adding a bioactive inorganic composite to 
create selectively growth compliant scaffolds that generate a hierarchal reorganization of DRG 
cells in culture mimicking that of a nerve. With the possibility of extending the complexity of 
these scaffolds by including controlled degradation, this last approach provides important 
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CHAPTER 1: INTRODUCTION AND RESEARCH SUMMARY 
 
1.1 Tissue Engineering  
Tissue engineering is a growing field with a broad impact potential that aims to restore or 
enhance the human body’s ability to heal following significant injury by delivering nutrients, 
signaling molecules and cells on three-dimensional (3D) scaffolds that facilitate cell growth, 
support cell migration and, ultimately, tissue organization.1 Another major goal of tissue 
engineering is to provide high-throughput 3D tissue models to aid in research, drug discovery, 
and toxicological studies.2 Controlling cellular behavior and directing development of tissue in 
vitro and in vivo is important for both of these goals. This control is often facilitated by a 
scaffold that provides the physical and chemical cues to guide their assembly into 3D tissues.3 
Scaffolds are porous structures with geometric features determined by their method of 
fabrication, and can consist of a variety of materials, either natural (collagen, fibrin) or synthetic 
polymers (polylactide, polylactide coglycolic acid, polyethylene glycol etc.).   
 
1.2 Dorsal Root Ganglia – A Promising in Vitro Model for Nerve Regeneration 
The biological system considered in the development of the materials system presented in 
this study is the dorsal root ganglion (DRG, Figure 1.1). The DRG is a collection of cell bodies 
located on the dorsal root of the spinal nerve just prior to its entrance into the spinal cord. It is a 
complex system of about 15,000 cells per ganglion, the three main types being sensory neurons, 
Schwann cells (support the neuronal extensions by myelinating axons and forming sheaths 
around neuronal processes), and satellite glial cells (2-5 μm cell bodies, coat the DRG neurons as 
supporting cell sheaths).4 These neurons carry sensation from skin, muscles, joints of limbs, and 
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the trunk to the spinal cord. The neurons are pseudo-unipolar, extending only one process (axon) 
which divides into a peripheral branch extending to the receptors, and a central branch 
connecting to the central nervous system (CNS).5  
The exact nature of the interaction between the three types of cells in a DRG is not fully 
understood, with new signaling pathways coming into focus6. DRG neurons have the longest 
axons in the body and the mechanism that allows for rapid cell signaling over these long 
distances is also largely unknown7. Developing a materials system for DRG cell culture that can 
allow for a more accurate representation of the in vivo system can have ramifications of high 
impact in multiple biomedical areas.  
Peripheral nervous system (PNS) injury repair is a research field that would benefit from 
DRG research, as nerve repair research currently does not have a good alternative for autologous 
nerve grafts for long (larger than 20 mm) nerve defects8. CNS injuries are among the most 
challenging to treat. Axonal regeneration in the CNS occurs to a significantly lesser extent than 
in the peripheral nervous system (PNS), mostly attributed to the non-permissive growth 
environment and lack of the growth factors needed for regeneration9. Thus, research on PNS 
neurons aiming to elucidate the mechanisms of neuronal growth and regeneration has the 
potential to provide insight into modalities of enhancing CNS repair. 
PNS damage leads to an acute phase response characterized ‘nociceptive pain,’ among 
other symptoms, and restriction of normal function. In 7- 18% of cases pain persists despite 
injury healing, resulting in a state of chronic neuropathic pain. The pathobiological mechanisms 
of the transition from acute nociception to a state of chronic neuropathic pain are not completely 
understood10. Thus, there is a significant need for study of the DRG system in the context of 
nociceptic pain transduction.  
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Another area that would benefit from DRG research is elucidating the mechanism for 
cancer pain. Cancer pain and neuropathy affect diagnosis, survival, and quality of life of cancer 
patients11. It can arise from tumor infiltration or from neurotoxicity of chemotherapeutics. 
Chemotherapy-induced peripheral neuropathy affects 30-70% of cancer patients undergoing 
some types of chemotherapy. Thus, studies stand to gain a better mechanism-based 
understanding of the factors that generate and maintain cancer-induced pain and sensory 
neuropathies.  
 
1.3 Scaffolds for Nerve Repair – State-of-the-Art 
Three-dimensional scaffolds make a better platform for in vitro cell studies than 2D cell 
culture systems, as they allow for a better representation of the complex in vivo tissue systems. It 
has been showed in recent studies that many cell types exhibit significant differences in 
proliferation rates, extent and patterns of migration, and cell signaling in 2D versus 3D culture 
systems12-15. Thus, there is a great need for developing 3D scaffolds suitable for DRG cell 
culture not only in terms of regenerative medicine, but also research to further elucidate the 
mechanism behind different types of nociception. A number of notable materials and scaffold 
types have been described in the literature, including important successes in the creation of large-
scale bioengineered tissues.14-21 Such tissues present levels of functionality approaching that 
required for their transplantation into patients.14 Scaffolds developed for primary DRG cell 
culture, however, have not yet achieved the comparable spectrum of control over the necessary 
interaction gradients between different cell types and the scaffold materials as would be required 
for a viable clinical approach to tissue regeneration or repair.15-23 The objective of this study is to 
develop 4D scaffolds which exhibit a wide array of the desired properties.  
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1.4 Scaffold Fabrication Techniques 
Scaffold synthesis technologies that can access controlled 3D structures include inkjet 
printing24-7, micro-extrusion printing28-30, and laser-assisted printing31-33 (Figure 1.2). Inkjet 
printing presents the advantages of low cost, high print speed and wide availability. However, 
the control over the printed material is less than ideal, with frequent inconsistencies in droplet 
size, low droplet directionality and frequent clogging of the nozzle. Laser-assisted printing, while 
the least common of the above-mentioned techniques, is finding increasing application in tissue 
engineering. The clogging is circumvented because it is nozzle-free. Other advantages it presents 
are increased speed and resolution. These advantages, however, also require high gelation 
kinetics in order to maintain shape fidelity, which leads to a low overall flow rate34. Its high cost 
may also pose practical concerns for basic tissue engineering research. 
The most common 3D-printing technique uses pneumatic or mechanical (piston or screw) 
micro-extrusion. A particular subset of this technique is direct ink writing (DIW), for which high 
precision stages with pneumatic extrusion have been developed35. DIW yields continuous 
filaments of material rather than individual droplets. A single filament layer is first deposited and 
then used as a foundation for the subsequent layers. While neither the fastest nor the most 
accessible, DIW is arguably the most versatile of the 3D-scaffold engineering options, allowing 
for a wide range of tenability in printable materials in order to achieve properties most desirable 
for various tissue engineering applications36. Multiple nozzle systems can be engineered to allow 
for simultaneous dispensing of several materials, thus increasing the complexity of the resulting 
scaffolds37. The versatility of this technique is why it was chosen it as the main fabrication 




1.5 4D Printing and 4D Scaffolds 
The diversity of engineering options and materials of this form of 3D-printing can allow 
for a gradient of chemical and biochemical properties which can facilitate temporally active 
scaffolds. These scaffolds are not simply static 3D products after their manufacture, but embed 
controllable attributes that allow them to transform predictably with time. The concept of 4D 
printing was recently established38 with a demonstration of manipulating asymmetric swelling 
ratios of a printable polymer (N-isopropyl acrylamide hydrogel composite) in concert with DIW 
printing patterns that resulted in a biomimetic structure that folded into the shape of an orchid 
spontaneously after hydration (Figure 1.3). In the following chapters of this thesis, the DIW 
systems developed are optimized and shown to present specific chemical features that program 
temporally dynamic cell responses, ultimately behaving as 4D scaffolds.  
 
1.6 Materials Considerations  
Materials employed in scaffold construction for repair and regeneration need to satisfy a 
series of conditions in order to be compatible both with the printing process and with the 
biological materials or environments they are to ultimately host. These materials must be 
fundamentally nontoxic, in that they should either passively or actively contribute to the desired 
effects on the host system without causing any negative responses, either local or systemic39.  
Additionally, the structural and mechanical properties of materials used in cell culture 
scaffolds should balance the stiffness required by each type of tissue with the structural integrity 
that would allow for shape retention for the duration of tissue reconstruction. Coupled with 
appropriate degradation kinetics, such materials should support cell attachment, migration and 
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proliferation while also allowing for the regeneration of the cell network and for new 
extracellular matrix (ECM) synthesis.  
A subject of increasing research focus is that of engineering biomimetic function into 
functional scaffolds.40 To realize biomimetic motifs, scaffolds should incorporate bioactive 
factors and structural features on the cellular scale to control cell adhesion, orientation, and 
motility, while modulating cytoskeletal assembly and signaling pathways. Designing biomimetic 
materials should be based on an understanding of tissue-specific ECM composition as well as 
hierarchical tissue organization structure and native chemical signaling cascades.  
Lastly, for DIW, the material must be printable. Its properties, such as viscosity, 
crosslinking mechanisms and shear-thinning, should allow for it to be deposited with accuracy 
and precision. DIW is compatible with material viscosities ranging from 30 mPa/s to over 6 × 
107 mPa/s and multiple gelation mechanisms (chemical, photo-crosslinking, temperature)29,41. 
This makes it a competitive printing technology for materials that can exhibit as many of the 
desired properties for tissue engineering applications as possible. 
 
1.7 Hydrogels 
Hydrogels are a commonly used material for 3D-scaffolds because they allow for gas, 
water and nutrient diffusion, and they retain water, remaining hydrated over long periods of time. 
Their mechanical properties can also be tuned to be similar to the ECM of tissues ranging from 
bone to neural tissue. While not all hydrogels are cell-growth compliant, those that are not can be 
functionalized with biomolecules to circumvent this issue42. Hydrogels can be derived from 
natural polymers (such as fibrin, collagen, or dextran) or can be synthetically produced. The 
most commonly used synthetic polymers are PLGA (poly(lactic-co-glycolic acid), PEG 
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(polyethylene glycol) and pHEMA (poly(2-hydroxyethyl methacrylate).40 Natural hydrogels are 
preferable in applications where it is important that ECM cues are present for cellular guidance 
in 3D environments. For example, Kaplan and coworkers developed modular brain-like tissues 
from punched silk protein scaffolds and infilled with collagen for preparing 3D modular brain-
like cortical tissue.43 Lewis and coworkers prepared 3D printed vasculature constructs using 
gelatin (derived from collagen) and fibrinogen, crosslinked with transglutaminase and thrombin, 
respectively, and seeded with human mesenchymal stem cells and dermal fibroblasts.44 Other 
biodegradable biopolymers, such as hyaluronic acid, have been used in medical applications 
ranging from wound healing to eye surgery and tumor diagnosis.45 The advantages of synthetic 
polymers over natural polymers are compositional consistency, accessible manipulation of 
mechanical and chemical properties, and the possibility of programming a controlled degradation 
rate. 
1.7.1 2-Hydroxyethyl Methacrylate 
The neutral hydrophilic polymer p(HEMA) has previously found wide use in the 
manufacture of contact and intraocular lenses,46,47 as well as coatings on stents.48 Its utility in 
such applications is mainly due to its bioinertness, permeability to metabolites, resistance to 
degradation, and non-absorbability.46 Its use without further modifications for more advanced 
biomedical applications is limited, however, due to the poor innate activity it shows towards 
cellular attachment. A series of chemical modifications (such as incorporating methacrylic acid 
or ethyl methacrylate) and physical additions that can be performed to confer relatively robust 
cellular attachment and growth compliance to pHEMA-based substrates and scaffolds.49 For 
example, proteins that occur in extracellular matrix such as albumin, fibronectin and others, can 
be applied to these gels and, following their absorption, the pHEMA materials become growth 
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positive.50 The pHEMA gel is what we term a “blank slate” for this reason, in that we are able to 
encode growth compliance onto them via selective patterning, which is one of the principle 
requirements for developing 4D scaffolds. 
 
1.7.2 Laponite-Hydrogel Nanocomposites for Embedded Function 
The diffusive and encapsulation capacities of hydrogels by themselves make them 
amenable for use as reservoirs and vehicles for delivery of a wide variety of active agents. In 
these systems, retention and ultimately control of release kinetics is often incorporated using a 
nanocomposite component to prevent them from diffusing into the bulk.51 An important class of 
nanocomposites is one in which silicate nanoclay inorganics are loaded into organic matrices and 
yield important rheological and biological ramifications.  
Among these, laponite XLG (LAP; Na+0.7 [(Si8 Mg5.5 Li0.3) O20(OH)4] 
-0.7) is a synthetic 
smectite clay composed of nanocrystalline discs that are 25 nm in diameter and 1 nm in 
thickness, with partial positive charges on the edges of each nanocrystal and partial negative 
charges on their basal planes. This permanent structural charge results in surface reactivity and 
cell-to-gel interactions that are enhanced through electrostatic mechanisms.52 The unit structure 
of the smectite disc crystal is that of an octahedral sheet in which the metal cation Na+ is in 
between a layered sheet of tetrahedrally coordinated silicon52 In solution suspensions, LAP discs 
become increasingly dispersed, and give rise to numerous potential interactions with organic 
molecules in suspension52 (Figure 1.4). 
LAP has previously been used as a rheological filler in 4D printing applications,38 as well 
as in injectable silk fibroin nanocomposites and nanoengineered injectable hydrogels for stem 
cell delivery.53,54 The presence of clay particles is also shown to improve tensile properties, 
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optical clarity, and thermal stability within organic matrices.55-58 Clays and bioglasses such as 
LAP are implicated in up-regulating the osteogenesis for bone repair.53,59-61 
 
1.8 Biofunctionalization of Hydrogels 
In order to increase cell-growth compliance, bioinert materials (such as pHEMA) used 
for tissue engineering scaffolds can be coated with poly-lysine. Poly-ʟ-lysine (PLL) is commonly 
used as a nonspecific attachment factor for cells, especially in serum-free or low serum content 
conditions.62-65 It is hypothesized that it increases cell adhesion to solid substrates by enhancing 
electrostatic interactions occurring between the negatively charged ions of the cell membrane 
and the underlying surface.65,66 A related polymer, poly-ᴅ-lysine, is used similarly with cells, 
such as neurons, that can digest poly-ʟ-lysine, resulting in an excessive cellular uptake of ʟ-
lysine. The strong, multi-segmental hydrogen-bonding interaction between poly-lysine and 
pHEMA leads to a marked (and generally irreversible) uptake of the protein by the polymeric 
scaffold, which in turn provides an advantageous means to modify the scaffold’s surface 
interactions with cells. This feature was demonstrated in previous fluorescence studies67 that 
compared PLL absorption in pHEMA scaffolds with that of other fluorescently labeled proteins, 
such as Protein A and IgG, and found that FITC-labeled PLL had a dramatically larger, and 
persistently retained, absorptive uptake. The beneficial impact of this modification on cell 
attachment, development, and growth was conclusively demonstrated in studies68 that showed 
that primary rat hippocampal neurons cultured on PDL-coated 3D pHEMA scaffolds could 





1.8.1 RGD-Containing Integrin-Binding Protein Treatments 
Many cell adhesion-directing proteins present in the ECM, including fibronectin, 
vitronectin, and laminin, contain the peptide sequence arginine-glycine-aspartic acid (RGD) as 
their cell recognition domain.69 The RGD sequences of these adhesive proteins are recognized by 
a family of structurally related cellular receptors called integrins.70 The adhesion proteins and 
their receptors constitute a complex and versatile recognition system that influences cell 
adhesion, migration, polarity, and signaling for growth. It has been previously found71 that the 
presence of different RGD sequence densities on cell-supporting substrate surfaces can elicit 
different responses from cells in culture.  
In subsequent chapters, this recognition element is mimicked within HEMA-based 
scaffolds via a chemically-modified PDL protein with RGD-containing peptides, both cyclic and 
linear. This modification is made stochastically to the PDL sequence with the goal of eliciting a 
response from as many types of integrin receptors as possible. This chemistry generates new 
capabilities of pHEMA materials for modulating cell growth and network development in 
cellular cultures. 
 
1.9 Thesis Overview 
The aim of this thesis is to combine ECM-mimetic surface treatments with intrinsic 
scaffold functionality and carefully chosen geometries to yield a system that controllably 
generates nerve tissue reorganization in vitro. 
Chapter 2 describes materials for DIW that embed a custom synthetic protein (RGD-
PDL) within the microfilaments of 3D-hydrogel scaffolds to modify these interactions and 
differentially direct tissue-level organization of complex cell populations in vitro. The RGD-PDL 
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is synthesized by modifying PDL to varying extents with peptides containing the integrin-
binding motif RGD. Compositional gradients of the RGD-PDL presented by both patterned and 
thin-film pHEMA substrates allow the patterning of cell-growth compliance in a grayscale form. 
The surface chemistry-dependent guidance of cell growth on the RGD-PDL-modified pHEMA 
materials is demonstrated using a model NIH-3T3 fibroblast cell line. The formation of a more 
complex cellular system — organotypic primary murine DRG – in culture is also achieved on 
these scaffolds, where distinctive forms of cell growth and migration guidance are seen 
depending on their RGD-PDL content and topography. This experimental platform for the study 
of physicochemical factors on the formation and the reorganization of organotypic cultures offers 
useful capabilities for further study. 
In Chapter 3 we describe materials and means of assembly for the functional integration 
of biological materials with synthetic 3D microscale, open frameworks that can leverage the 
most advanced forms of multilayer electronic technologies, including device-grade 
semiconductors such as monocrystalline silicon. Cellular migration behaviors, temporal 
dependencies of their growth, and contact guidance cues provided by the non-planarity of these 
frameworks illustrate design criteria useful for their functional integration with primary rat dorsal 
root ganglion cell cultures. In the latter part of the chapter we explore improved fabrication 
methods that enable 3D mesostructures in fully or partially free-standing forms, with additional 
capabilities in integration onto nearly any class of substrate, from planar, hard inorganic 
materials to textured, soft biological tissues. We explore their function as open-architecture 
electronic scaffolds for formation of DRG neural networks, as well as their capabilities to 
stimulate and record action potentials in situ. 
12 
 
Finally, in Chapter 4, we describe a LAP-HEMA-based system of scaffolds that is 
selectively biocompliant and geometries capable to generate nerve-like tissue constructs in 
culture. The controlled-release properties of this ink are explored, as well as the 













Figure 1.2. Main types of 3D printing used in tissue engineering applications. Adapted from 







Figure 1.3. 4D Priting. 4D printed orchid-mimetic structure (left). Swelling ration 






Figure 1.4. LAP nanodisc (left) and interactions between discs in solution suspension 
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CHAPTER 2: 3D-PRINTED PHEMA MATERIALS FOR TOPOGRAPHICAL AND 
BIOCHEMICAL MODULATION OF DORSAL ROOT GANGLION  
CELL RESPONSE 
Reproduced by permission of The American Chemical Society  
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(2017) 3D-Printed pHEMA materials for topographical and biochemical modulation of dorsal 
root ganglion cell response. ACS Appl. Mater. Interfaces 9 (36), 30318-30328 
 
2.1 Introduction 
The ability to reconstruct and manipulate neuronal networks in vitro has important 
applications across a number of fundamental and applied research fields that include elucidating 
the mechanisms behind neuronal interactions,
1–5
 nerve damage and repair
6–9
 as well as haptic 
interfacing to prosthetic devices.
10,11
 Programming the spatial arrangement of neuronal circuits 
ex vivo has been widely explored via a variety of approaches including chemically and 
topographically guided neuronal process outgrowth and interconnection (e.g. within 
microchannel architectures
12–15
 or via chemical/textural features established by 
micropatterning
16-19
). These approaches have especially benefitted from advances made in soft 
lithography,
20,21




 A need and 
opportunity remains, however, to answer fundamental biological questions that might aid the 
discovery of improved methods to replace or repair human neural tissues
30
—a factor motivating 
the study of 3D organotypic cultures that better mimic the complexities of in vivo systems than 
do 2D cultures or those using immortalized cell lines or homogenous cell populations. 
Located proximally to the spinal cord, dorsal root ganglia (DRG) provide an important model 
for investigating the mechanisms of peripheral nervous system (PNS) injury and repair.
31
 The 
DRG is a compact structure comprising cell bodies of primary sensory neurons, their processes, 
22 
 
satellite and Schwann cells, as well as a variety of cells related to the immune and circulatory 
systems.
32,33 
The involvement of DRG sensory neurons in a large number of frequently occurring 
pathological conditions including injury-associated neuropathic pain,
34
 and the ability of these 
cells to develop functional networks and even form organotypic structures in vitro,
35
 make them 
a good model for the evaluation of new biocompatible materials and engineered microdevices 
designed to promote the repair of human neural structures—interests motivating this study. 
The scaffolds materials developed to-date for primary DRG cell culture remain limited as to 
the degree of control they can provide over tissue-level organization (as are required for viable 
clinical approaches to tissue regeneration or repair).
36-43
 Improvements will likely require 
significant advances made in both the development of new materials and means of 3D 
fabrication to provide scaffolds that can better promote/sustain the necessary forms of cell 
growth and integration. Here we examine methods that have the capacity to more controllably 
direct cellular development in tissue cultures in vitro, by exploiting direct ink writing (DIW) and 
new inks for programmable chemical patterning of hydrogel-based microscaffolds.
 
We describe 





 and laser-assisted fabrication
51-53
) while exploiting the unique capacity of 
DIW to pattern soft materials with tunable physicochemical/mechanical properties.
54-59
 
We use an exemplary hydrogel material amenable to 3D printing by DIW, the neutral 
hydrophilic polymer poly(2-hydroxyethyl) methacrylate (pHEMA) that has been widely used in 
the manufacturing of contact and intraocular lenses, as well as coatings of stents.
60,61
 Unmodified 
pHEMA acts as a ‘blank canvas’—a bioinert material that effectively resists cellular attachment 
and growth
62,63
. Chemical modifications of pHEMA, however, can promote cell attachment and 
development in culture.
63
 In previous work, we modified the compositional attributes of pHEMA 
23 
 
hydrogels (pHH) to tune their gel mesh properties, mechanics, and their subsequent equilibrium 
absorption of poly-ʟ-lysine (PLL). We have shown these physicochemical features to broadly 
impact the cell growth compliance of both pHH films and 3D microscaffolds in NIH/3T3 murine 
fibroblast and MC3T3-E1 cell cultures.
64
 When modified with poly-ᴅ-lysine (PDL), these 




Here we use DIW and newly designed materials to fabricate multifunctional hydrogel 
microscaffolds that are able to exert better control on cell growth, attachment and migration. The 
system builds upon the geometric and compositional cues present within pHH-based hydrogel 
patterns and microscaffolds and focuses on modulating cell-scaffold interactions via integrin 
signaling. Using hydrogel interfaces modified by the integrin recognition domain-mimetic 
66,67
 
RGD-PDL absorbed within the gel matrix, we first demonstrate the universality of this approach 
using a model cell line, NIH/3T3 murine fibroblasts, and then advance to comprehensively 
directing primary DRG cell populations. The responses of the isolated DRG cells to the 
compositional features of the substrates are assessed in 2D cell cultures and on topographically 
more complex 3D scaffolds. The RGD-PDL-modified gel materials allow direct cellular network 
and organotypic structure formation without need for pre-seeding the devices with Schwann cells 
as is typical for DRG cultures carried out in engineered devices.
38,42,43
 The insights developed in 
this study suggest materials-directed strategies and fundamental design rules that can yield 






2.2 Experimental Section 
Unless otherwise noted, all starting materials, solvents, and reagents were acquired from 
commercial suppliers and used without further purification. The list of all reagents and the 
composition of all media used for cell culture are listed in the Appendix A.1, Supplemental 
Methods. 
 
2.2.1 Chemical Modification of PDL with RGD-Containing Peptides 
 A 2 mg/mL solution of PDL (30-70 kDa) in HEPES buffer was reacted with 10, 25, 50, and 
100 µM solutions of N-Succinimidyl 3-[2-pyridyldithio]-propionate (SPDP) in DMSO for 30 
mins at room temperature (RT). The reaction mixtures were filtered through spin desalting 
columns, then subjected to 10, 25, 50, and 100 µM solutions of either Ac - GCGYGRGDSPG - 
NH2 or cyc(RGDyC) and stirred at 4°C overnight. The products were purified by filtration 
through spin desalting columns and analyzed by UV-Vis. Details regarding the quantification of 
the degree of modification are given in the Appendix A.1.  
 
2.2.2 Micropattern and 3D Scaffold Fabrication  
Glass substrates (12 mm diameter, 0.17 mm thickness, Warner Instruments) are cleaned and 
soaked in a 5% 3-(Trimethoxysilyl)propyl methacrylate (Sigma) in toluene solution at 60°C 
overnight and rinsed with isopropanol. pHH micropatterns and 3D scaffolds are fabricated using 
an AGS-1000 high precision custom gantry with an A3200 integrated automated motion system 





2.2.3 NIH/3T3 Fibroblasts Seeding and Culture  
The initial cell stock (density of ~1x10
6
 cells/ml) is transferred to a T-75 cell culture flask 
and maintained in 9 mL of complete media containing DMEM, that consists of 4.5 g/L glucose, 
4 mM glucose, 1mM sodium pyruvate, 1.5 g/L sodium bicarbonate, supplemented with 10% calf 
bovine serum and 1% Penicillin/Streptomycin. The cells are maintained according to standard 
protocols, detailed further in the Appendix A.1. 
 
2.2.4 Primary Adult Rat DRG Dissociation and Seeding 
Approximately 20 lumbar and thoracic DRGs from an adult rat were collected and stored 
in Hibernate A up to 2 days before seeding (the protocol for adult rat DRG isolation is detailed in 
Appendix A.1). The Hibernate media was then removed. The DRGs were treated with 0.25% 
collagenase in DRG physiological media for 1.5 h at 37 ˚C, shaken a few times during incubation 
and strongly upon completion of the incubation period. The DRGs were centrifuged (200 x g) for 
2-3 min to remove supernatant, and washed with HBSS. After another centrifugation, the HBSS 
was mostly removed and the DRG were incubated in 0.25% trypsin with EDTA for 15 mins at 
37˚C. The DRGs were centrifuged to remove supernatant, re-suspended in DRG media + 1% 
FBS for 50 s  to inactivate trypsin, and triturated. After 2 min, once some of the pellet re-settled, 
the supernatant was collected and centrifuged for 5 min at 200 x g. The resulting pellet was 
washed with HBSS and centrifuged to remove supernatant. Pelleted cells were re-suspended in 
the desired amount of DRG media containing the glial inhibitor AraC, usually 1 mL per 10 
original DRGs. After cell seeding, the scaffolds were incubated for 10 min at 37 ˚C to allow for 
cell attachment before an additional 2 mL per Petri dish (3 mm in diameter) of DRG media is 
26 
 
added. The media is changed every 7 days. The concentration of AraC in the DRG media is kept 
at 0.3 µM from the moment of cell seeding until the end of the culture. 
 
2.2.5 Cellular Fixation and Imaging  
All light microscopy studies of the NIH/3T3 embryonic murine fibroblasts were 
performed on a Zeiss (Thornwood, NY) Axiovert 40 CFL inverted microscope.  All light 
microscopy imaging of the primary adult rat dorsal root ganglia cells was performed on Zeiss 
Axiovert 25 inverted microscope, with a phase contrast filter (Ph 1-0,4).  Confocal images were 
acquired using a Zeiss LSM7 Live Confocal Fluorescence Microscope.  Fiji image analysis 
software with the MTrackJ plug-in was used for the cell tracking and other types of analysis. 
Complete details regarding fixation protocols, imaging parameters, and analysis protocols are 
given in the Appendix A.1. 
 
2.2.6 Long Term Imaging with SLIM  
Quantitative phase imaging
68
 was performed using a Zeiss Z1 microscope coupled to a 
SLIM module (CellVista SLIM Pro, PhiOptics Inc.). SLIM augments an existing phase contrast 
microscope by providing quantitative optical pathlength information associated with the 
specimen of interest.
69
 Because it is a label-free modality, SLIM is suitable for long term 
imaging, without the limitations associated with photobleaching and phototoxicity. To study the 
growth and proliferation of DRG cells on 3D scaffolds, we monitored two volumes of (17.5 mm) 
x (17.5 mm) x (0.5 mm) over a period of 128.5 hours with a 10x/0.3 objective. The resulting 
19TB of data were assembled offline, using a Python software module developed in-house. More 
details on image analysis are given in the Appendix A.1. 
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Statistical analysis. The values of the NIH/3T3 Fibroblast cell densities and DRG cell coverage 
fractions are expressed in the form Mean ± Standard Deviation (SD). Eleven rats were used in 
the experiments, with minimum three biological repeats for each studied condition. Using 
OriginPro version 8.6 (OriginLab Corp., Northampton, MA, USA), an analysis of variance 
(ANOVA) was performed. When appropriate main effects were detected, Tukey's post-hoc (for 
unequal n) tests were used to make pair-wise comparisons (α set to p < 0.05). The Tukey mean 
comparison tables are given in the Appendix A.1 file. 
 
2.3 Results and Discussion 
2.3.1 Chemical Modifications of Poly-ᴅ-Lysine by RGD Peptides and Optimization 
for pHH Supported Cultures Using NIH/3T3 Cells 
The most common protein treatments used to modify a hydrogel system such as pHH to 
allow cell attachment and growth are either extracellular matrix (ECM) proteins (such as 
fibronectin, vitronectin, and laminin) or a form of poly-lysine (PDL or PLL).
64,65
Many ECM 
proteins contain the arginine-glycine-aspartic acid (RGD) amino acid sequence as their cell 
attachment site.
66
 The RGD sites of these adhesive proteins are recognized by a family of cell 
membrane receptors called integrins.
67
 In contrast, poly-lysine increases cellular attachment to 
surfaces through non-specific electrostatic interactions.
70,71
 The strong, multi-segmental 
hydrogen-bonding interactions between poly-lysine and pHH gels lead to a marked (and 
generally irreversible) uptake of the protein by the polymeric scaffolds, which provides enhanced 
surface/interfacial interactions with cells.  To mimic both of these recognition elements within a 
pHH scaffold and to reduce surface interactions with other ECM proteins, a chemically-modified 
PDL protein was synthesized. This was performed by covalently attaching cyclic or linear 
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variants of RGD-containing peptides to PDL proteins via the heterobifunctional crosslinker N-
Succinimidyl 3-[2-pyridyldithio]-propionate (SPDP, Fig. 2.1a and Appendix A.1, 
Supplemental Methods, Figures A.1 and A.2). The efficacy of the coupling reaction was 
quantified spectrophotometrically via the release of the pyridine-2-thione coproduct, which 
absorbs strongly at 343 nm (Appendix A.1).
72
 The covalent attachment of the RGD-peptides to 
the PDL through this coupling reaction, as opposed to nonspecific adsorption/agglomeration, 
was confirmed by UV-Vis (Appendix A.1, Figure A.2) The stochastic nature of the PDL RGD-
modification leads to the synthesis of PDL molecules with incomplete occupation of all reactive 
sites. This affords one level of control over the spatial presentation of the RGD motif within a 
modified pHEMA gel (see below). 
The areal density of the RGD moiety is known to affect cellular responses in culture.
73 
To 
determine the type and optimal degree of the RGD modification needed for DRG cellular 
cultures, a series of cyclic and linear RGD-PDL proteins (cyc(lin)RGD-PDL-1 through 
cyc(lin)RGD-PDL-4) was synthesized (Appendix A.1). The extent of the modification for each 
type of RGD-PDL was quantified using a Trypan blue assay, which allowed the determination of 
the PDL concentration, as correlated with RGD-peptide stoichiometric data obtained via the 




All of the reaction 
conditions used in the series were selected to yield relatively small quantities of RGD peptide 
attached per PDL molecule (Table 1), not exceeding a 13.9:1 ratio of the recognition sequence to 
the much larger PDL macromolecule (Fig. 2.1b, Table 2.1, and Appendix A.1). This 
corresponds to a modification of up to 4.1% of the total lysine amine moieties. 
To survey the activities of the varying cyc(lin)RGD-PDL modifications towards 
promoting cellular attachment and growth-compliance, cultures made of a fast-growing cell line, 
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NIH-3T3 murine fibroblasts, were are used as a model. The cells here were seeded at equal 
densities and grown for 24 h on pHH thin films that had been treated with PDL (type 0) or with 
one of either cycRGD-PDL or linRGD-PDL (types 1-4). The cell cultures that developed on the 
substrates were fixed and fluorescently stained with the nuclear stain DAPI and the F-actin stain 
rhodamine-phalloidin to quantitatively assess their morphological parameters (Figure 2.1c), 
including cellular spatial distribution. These data, summarized in Table 2.1, show that a type 1 
PDL modification (made with either cycRGD-PDL or linRGD-PDL) yields cellular 
attachment/growth behaviors comparable to treatments made with unmodified PDL. In these 
three cases, cells aggregated in clusters with F-actin stain compacted around nuclei (Fig. 2.1d-1 
and Fig. A.3). We attribute the cluster formation in these systems to lower cellular adhesion to 
the pHH comparatively to intercellular adhesion. 
In contrast, treatments with type 2 cycRGD-PDL and linRGD-PDL fostered fibroblast 
attachment/growth resulting in a uniform monolayered spatial cell distribution (Fig. 2.1d-2).  Of 
these, linRGD-PDL-2 showed a much higher attachment/growth propensity relative to cycRGD-
PDL-2 (Tukey’s range test, p < 0.006, Table A.1). Interestingly, this trend is reversed for the 
case of RGD-PDL type 3 (Fig. 2.1d-3). Here, the cycRGD-PDL modification showed the highest 
fibroblast density within the tested cycRGD-PDL series (Tukey’s range test, p < 0.0001, Table 
A.1), while the linRGD-PDL-3 variant yielded a significantly lower cell density than linRGD-
PDL-2. The decline in fibroblast attachment/growth was much more pronounced for the RGD-
PDL-4 treated pHH films (data not shown), yielding low fibroblast densities associated with the 
reduced affinity for cell attachment. The cells that did survive in this case were easily detached 
when exposed to mechanical forces during the fixation procedure (fluorescence imaging data 
could not be obtained for this experimental series). Fluorescence imaging data (including a 
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positive control on a PDL-treated glass substrate) strongly demonstrates the differing impacts of 
the specific RGD-PDL protein treatments on growth compliance (Figures A.3 and A.4). The 
trends observed for the cyc(lin)RGD-PDL proteins reveal that pronounced differences in 
fibroblast attachment/growth and cell culture morphologies can be induced on pHH substrates 
modified via the absorptive uptake of RGD-PDL molecules possessing different integrin-binding 
peptide ratios. The linRGD-PDL 2 protein demonstrated best performance in terms of the 
biocompatibility engendered for the fibroblast cell line. This approach can be used universally, to 
find the best type of RGD-PDL to modulate scaffold-cell interfaces for other cell lines/types. 
 
2.3.2 Optimization of RGD-PDL Modifications of pHH Substrates for DRG Cell 
Growth Compliance 
Following the initial screen of growth compliance described above, the development of 
organotypic DRG cell cultures on RGD-PDL-modified pHH thin films was also studied. Primary 
adult rat lumbar and thoracic DRGs were dissociated and heterogeneous suspensions of the cells 
seeded on thin-film gel substrates that had been treated as above, specifically with either PDL 
(type 0) or the type 1-4 modifications by either cycRGD-PDL or linRGD-PDL. A PDL-treated 
glass sample was used as a positive control. Once seeded onto their substrates, the DRG cells 
were exposed to a low concentration of cytosine arabinoside (AraC), an inhibitor of glial cell 




Evaluation of the differences of growth compliance within the RGD-PDL modification 
series required a modified set of statistical parameters than were used to describe the fibroblast 
cultures. To account for the morphologies typical for cultured DRG cell populations, such as the 
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clustering of cell bodies and the generation of elongated bundles of terminals, surface area 
fractions covered by both types of these cellular structures were quantitatively measured within 
randomly chosen sample areas. In these cultures, high surface area coverage is generally found to 
be associated with robust development of cell terminals including axons. 
The data, given in Table 2.2 and shown in Figure 2.2a, demonstrate specific correlations 
of behaviors for the DRG cell cultures that are qualitatively similar to those seen in the 3T3 
fibroblast growth series. In terms of the surface coverage of cellular structures, the cycRGD-
PDL-3 modified pHH films were found to elicit the best growth compliance (with ~43% of the 
surface covered at day 9). 
This coverage is significantly higher than is observed in control experiments (Tukey’s 
range test, p < 0.0001, Table A.2).  
Surface coverage fractions measured for the PDL control and each RGD-PDL treatment 
type are given graphically in Figure 2.2b. While the general trends seen in the DRG cell and 
fibroblast cell culture data sets are similar, the former developed best on pHH substrates 
modified by cycRGD-PDL-3 (Fig. 2.2b, Figures A.5 and A.6). It is notable that, in the case of 
the DRG cell culture, the high modification levels present in the cyc(lin)RGD-PDL-4 systems do 
not potentiate cellular network development as well as the cycRGD-PDL-3 variant does. They 
do, however, encourage some increase in cell culture surface coverage comparatively to 
cyc(lin)RGD-PDL modifications types 1 and 2. Taken together, these experiments show that 
DRG cell cultures grow and develop preferentially on a specific modified form of the pHH 
hydrogels (cycRGD-PDL-3). In consequence of these results, we focused subsequent 
investigations on textural guidance in DRG cultures (see below) on cycRGD-PDL-3 (referred to 
here after as RGD-PDL) modified materials. 
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2.3.3 Time-Lapse Microscopy and Immunohistochemical Analysis of DRG Cell 
Culture Architecture and Dynamics 
A notable characteristic of DRG cell culture is its tendency to form multicellular organotypic 
structures as a result of increasingly organized cellular and structural migration over time. To 
provide a benchmark for the comparative analysis of different culturing conditions, including the 
3D scaffolds examined below, these reorganizations were investigated using time-lapse 
microscopy of cell culture developed on pHH thin films that had been treated with RGD-PDL 
(Fig. 2.2c). The data demonstrates that the initial (<4 d in culture) random distribution of 
attached glial and neuronal cells begins to exhibit some structuring as a consequence of both 
anisotropic cell migration and terminal elongation (~10 d in culture). By 14 d in culture, cells 
that are morphologically consistent with neurons cluster together, forming ganglion-like 
structures. The exterior of these structures is occupied by glia-like cells exhibiting thin cell 
bodies. Individual or bundled cellular terminals are seen interconnecting the ganglion-like 
structures, exhibiting morphologies typical for functional neuronal networks. The terminals are 
often lined by cells that morphologically resemble Schwann cells. These observations indicate a 
cell distribution in culture similar to that in the native DRGs and nerves (vide infra). A 
representative set of time-lapse images for each cyc(lin)RGD-PDL treatment type is given as 
Figures A.7-A.12. 
To determine the localization of the different cell types present in these complex cultures, 
we performed immunohistochemical staining and confocal fluorescent microscopy (CFM) 
analyses. Neurite-specific microtubule-associated protein 2 (MAP2) and glia-specific glial 
fibrillary acidic protein (GFAP) antibodies along with the nuclear stain DAPI were used to locate 
individual cells and distinguish neurons from glia in the culture.  Cellular networks formed on 
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day 14 demonstrate a complex organization where widespread nuclei frequently co-localize 
spatially with both cellular terminals exhibiting MAP2 (red) and those exhibiting GFAP (green) 
immunostaining (Figure 2.2d). This observation indicates that glia-like cells form a bed for 
neuron outgrowth. Our data are in good agreement with information reported in literature for 
other DRG cell cultures.
76
 Immunostaining of DRG cell clusters additionally indicates the 
coverage of large MAP2-expressing neuronal cell bodies by small GFAP-expressing satellite 
cells.  
Close association between neuronal and glial cell terminals occurred extensively in the 
developing cultures. Neuronal processes, rich in microtubules, and GFAP-expressing cell 
terminals form complex networks. To analyze this interaction, we introduced an algorithm for 
quantification that focuses on specific fluorescence signals (red for MAP2 and green for GFAP) 
and measures the distances between the cellular sources for that signal using the closest nucleus 
as a reference point (Figure A.14). Grayscale maps reflecting the degree of signal overlap were 
generated to help identify this interaction in cases of high and low association between the 
fluorescence signals corresponding to the two channels and the reference nucleus (Figure A.14). 
The quantitative data obtained revealed predominant localization of the terminals of the two 
intertwining networks within 1 µm of each other (Figure A.15). This observation suggests that 
some of the investigated neurites are myelinated by Schwann cells.
77
 Additional images that 
show this characteristic morphology are presented in Figure A.13. The latter data show neurons 
predominantly localized in the center of cell clusters, and GFAP-expressing glia preferentially 
located at their exterior, suggesting partial reconstruction of the DRG cellular architecture.   
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Taken together, these experiments show ability of the RGD-PDL modified surface to 
present the physicochemical cues sufficient for sustainable cellular network formation followed 
by development of organotypic (DRG-resembling) structures. 
 
2.3.4 Topographical Cues of DIW pHH Micropatterns for DRG Cell Outgrowth 
To investigate the effects of topographical cues on DRG primary cell outgrowth in vitro, 
we used DIW to fabricate filamentary pHH micropatterns (diameters ranging from 30-100 µm) 
on a supporting pHH thin-film substrate. After printing and curing (procedures given in the 
Appendix A.1), the hydrogel scaffolds were extensively soaked to remove unreacted/otherwise 
harmful components and then treated with RGD-PDL to confer optimal cell growth properties to 
the printed structures. Three exemplary micropatterns were selected to compare their distinctive 
topographical cues. These consisted of a ‘flower’ (that has a spoked geometry), a ‘dendrimer’ 
(that has a linear branching), and a ‘comb’ (that has periodic anchoring structures along a linear 
channel). An inspection of the DRG growth and development seen over 14 d in culture showed 
that the cells respond in pronounced ways to specific attributes of the micropattern geometries. 
First, the physicochemical cues provided by the different micropatterns induce significant 
anisotropic outgrowth and more generalized orientation effects (Fig. 2.3a, 2.3b left, and Fig. 
A.16). Neuronal and glial alignment is accentuated in the immediate proximity of the printed 
filaments. In the case of the comb array, cells align either within the open linear channels 
between combs or within the combs in parallel to the nearest adjacent micropatterned features 
(A.16). As seen in these data, the DRG cells consistently form intricate networks that align with 
the DIW micropatterned hydrogel features and interconnect with one another via their terminals. 
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These directed cellular microarchitectures survive and develop within the culture over long 
periods of time (often >4 weeks). 
These experiments demonstrate that DRG cells cultured on RGD-PDL-treated pHH 
micropatterns respond to the physicochemical/mechanical cues presented by the printed features. 
Surprisingly, even though the micropatterned hydrogel filaments are treated with the same RGD-
PDL solution that confers robust growth to their chemically identical (but compositionally 
distinct) pHH thin film substrates, DRG cells selectively avoid physical attachment to these 
structures in all cases studied. In point of fact, we found that these structures behave as 
microwalls that strongly discourage any cellular interconnection or travel across them. 
The mechanisms responsible for this surprising behavior are likely complex, and may 
include the pHH behaving as a reservoir for diffusive chemical depletion of the RGD-PDL from 
the cell contacting interface by the unmodified pHH present at the filament base as well as to a 
gradient elastic interface (due to a possible modulus mismatch) present at the filament/substrate 
edge boundaries,.
78,79
 To test the role of depletion effects—wherein diffusion of the activating 
protein absorbed within the filament into the base substrate lowers its effective available 
concentration at the cell/gel interface—we added RGD-PDL to the hydrogel ink (RGD-pHH ink) 
prior to carrying out the DIW patterning (Appendix A.1). Following scaffold preparation, the 
RGD-pHH micropatterns and their substrates were then surface-treated with RGD-PDL and 
subsequently cultured with DRG cells. This modification yields printed RGD-pHH filaments that 
are fully cell growth compliant. Figure 2.3b directly compares the distinctive growth and 
development cues present on scaffolds treated only with RGD-PDL (Fig. 2.3b, left) and 
scaffolds in which the DIW scaffold was prepared using the RGD-pHH ink (Fig. 2.3b, right). 
We found here that the subsequent surface treatment with RGD-PDL is essential, as simply 
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supplementing the printable ink with the protein yields poor affinities for cell attachment (Fig. 
2.3b, middle). Additional images that show these differences in modes of cell growth are given 
in Figure A.17, and the quantification of these trends is detailed below and presented in Figure 
2.4.  
2.3.5 Quantification of DRG Cell Growth on RGD-pHH Micropatterns 
The distinctive cell growth and development regimes that are provided by the printing of 
a protein-activated pHH hydrogel ink suggest possibilities for the fabrication materials that 
incorporate biocompatible molecular additives in a grayscale manner to guide and support tissue-
mimetic development. Prior to utilizing these materials to construct more complex 3D motifs, we 
first quantitatively evaluated and compared the relative degree of DRG network development 
seen on the substrate and the scaffold micropatterns. To do so, the relative surface coverage 
fractions were determined and statistically evaluated. These data, presented in Figure 2.4a, 
confirm that the surface treatment of RGD-pHH microscaffolds with RGD-PDL has the 
pronounced effect of increasing cell attachment to the filamentous scaffolds, an effect that 
persists throughout culture times as long as 31 days. The observed effect is robust and active on 
gel microscaffolds printed on both pHH thin films and more inherently growth compliant glass 
substrates (Figure 2.4a). For example, when pHH scaffolds are printed on either glass or pHH 
thin films and then subsequently treated with RGD-PDL, robust cell attachment, outgrowth, and 
cellular network development are seen on the substrate (10-38% surface coverage). Much lower 
coverage is observed on the scaffold filaments (reaching only 2-7% surface coverage by cellular 
networks). Cell growth compliance on the DIW scaffold filaments is only conferred by using the 
RGD-pHH ink and subsequent treatment with RGD-PDL, as confirmed in long term (10 and 20 
d) experiments (Fig. 2.4a). These data show a marked temporal development and reorganization 
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of the DRG cells and their axonal processes on both the supporting substrates and scaffold 
micropatterns. The incorporation of the RGD-modified PDL into the inks, followed by an RGD-
PDL surface treatment, leads to a statistically significant increase in scaffold and cellular 
coverage— increasing by 100-200% as a result of these modifications when compared to pHH 
controls. The images presented in Figure 2.4b show representative confocal fluorescence 
micrographs of 31 day old cell cultures developed on scaffolds printed with the two ink types, 
demonstrating that the different modes of cell culture development that the ink modifications 
engender are both sustainable throughout long culture times and robust. 
The data above suggest avenues for realizing programmable forms of DRG cell and 
organotypic culture development on pHH hydrogel-based microscaffolds by manipulating the 
diffusion of ECM-mimetic proteins out of the gel mesh of the scaffolds. These findings provide 
guidance for the architecture of micropatterns that might best facilitate the reconstruction of 
complex cellular organizations, such as of DRGs and nerves, in culture. In the section that 
follows, we explore these ideas in studies of DRG cell and organotypic structure development in 
cultures on 3D micropatterned scaffolds.  
 
2.3.6 DRG Cellular Networks and Organotypic Structure Development on 3D 
Scaffolds 
To study the morphologies of DRG cell and organotypic structures in cultures developed 
on 3D RGD-pHH scaffolds, a 9 mm- long channel flanked by inclines of 4 steps, totaling 240 
µm in height, was constructed via progressive fusing of 60 µm diameter filaments (Fig. 2.5a, 
schematic). The geometry of this substrate was chosen so as to favor extensive interactions 
between cells attached to different steps of the scaffold. The length of the scaffold was selected 
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to allow the observations of the development structural/network features over distances relevant 
to DRG and nerve repair. Scaffolds adopting this channel geometry were printed using both an 
unmodified pHH ink, as well as the RGD-pHH ink (Appendix A.1). Subsequent treatment of the 
printed scaffolds with RGD-PDL shows the same growth compliance trend observed on the 
microscaffolds in the previous section, with enhanced cell attachment for scaffolds fabricated 
using the RGD-pHH ink, as shown and quantified below. The DRG cell cultures developed on 
the latter scaffolds are viable for extended periods of growth characterized by complex and 
dynamic morphologies.  
A much more pronounced consolidation of cultured DRG cells into ganglion-like 
constructs on the 3D scaffolds is observed as compared to their 2D counterparts (Fig. 2.5a, 
bottom, Fig. A.19). The DRG cells organize into ganglion-like structures and the cellular 
terminals consolidate into nerve-resembling bundles interconnecting them. To better characterize 
this behavior, and the migration patterns that support it within the culture, we carried out an 
extensive series of live-cell imaging experiments using spatial light interference microscopy 
(SLIM). SLIM facilitates label-free long-term imaging and quantitative characterization of live 
cell dynamics, by combining principles of phase-contrast microscopy and holography to produce 
interferometric data capable of resolving quantitative features of subcellular dynamics.
80-82
 In the 
current study, we used SLIM to track cell culture consolidation over time in volumes of (17.5 
mm) x (17.5 mm) x (0.5 mm) over a period of 128.5 hours, starting at 24 hours after cell seeding. 
The resulting data showed that the DRG cultures were more dynamic when developed within the 
open 3D channels, including the consolidation ganglion-like structures over time. Significantly 
fewer structures were observed after 6 days when compared to day 1. This consolidation is a 
feature that is less pronounced on 2D scaffolds (Fig. 2.5b, Fig. A18). The results obtained on the 
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RGD-preloaded scaffold treated with RGD-PDL stand out by their supporting the formation and 
maintenance of a diversity of cluster sizes over time (Fig. 2.5c). These scaffolds allow a more 
dynamic migration of cellular structures, one not observed for the 3D pHH or the 2D scaffolds, 
with the same surface treatment (Figure A.18).  
To inquire into the mechanism behind this difference in cell response to the two different 
ink types on 3D scaffolds, we used the SLIM phase tomograms, which are essentially per-voxel 
density maps, to provide a quantitative window into the mass transport behavior of the cell 
culture. To avoid the manual tracking performed in Figure 2.5b, we turned to Dispersion-
relation phase spectroscopy which is a fully automatic analysis technique inspired by dynamic 
light scattering
83,84
. As outlined and applied to tomographic phase volumes in previous work,
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the analysis scheme automatically characterizes the diffusive and adventive nature of mass 
transport by looking at the difference through time of the spatial power spectrum. As shown in 
Tables S5 and S6, the mass transport behavior is comparable between RGD-pHH and pHH open 
channel 3D scaffolds. We interpret this result to indicate that the differences in cluster size 
increase over time between the data observed in Figure 2.5b and those in Figure A.18 are not as 
much due to differences in overall cellular mass transport during the observed time frame, but 
due to increased initial cell attachment encouraged by the RGD-pHH ink, in agreement with the 
trends quantified in previous sections. 
The latter experiments suggest that control over more complex aspects of organotypic 
culture development may be possible. These inferences are ones well supported by enhanced 
activities seen towards consolidation of the 3D DRG cell cultures into ganglion- and nerve-like 
constructs. Controllable development of organotypic cell cultures creates an opportunity for 
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determination of an improved set of physicochemical design rules for functional devices for cell 
culture, with potential use in the fields of tissue engineering and regenerative medicine. 
 
2.4 Conclusion 
We describe materials for an engineered 3D cell culture system with cell-growth guiding 
properties and tunable cell-growth compliance. Chemical modifications of a PDL surface 
treatment, one traditionally used in cell cultures, have been made to enable access to 
programmable differences in cell growth behavior on modified pHH films in both a model 
NIH/3T3 murine fibroblast culture, as well as in the more complex organotypic primary rat DRG 
cell culture. We expand on these features in DIW pHH 3D scaffolds to induce cellular network 
formation on the 3D scaffold filaments by incorporating the RGD-modified PDL into the ink 
used in the 3D-printing process. The cell-guiding and tissue development capabilities of 3D 
scaffolds allow for extensive cell network development in 3D. Scaffolds printed with an RGD-
pHH ink yield increased formation and consolidation of ganglion-like structures which resemble 
the native DRG architecture. These scaffolds allow development of tissue-like structures formed 
from cellular processes, including nerve-like bundles. Understanding what chemistries, 
topologies, and surface treatments direct growth of neuronal processes in DRG cell cultures is 
crucial for engineering “smart” scaffolds that can anticipate hierarchical materials requirements 
for successful functional regeneration of complex nerve tissues. The approach described offers 
access to a gradient of cell-growth compliance, a tunable degree of scaffold-cell interactions, and 
control over tissue development in 3D. Our results provide insights to guide future steps that 
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Table 2.1. NIH/3T3 Growth/Attachment and Morphology on RGD-PDL-coated pHH films 
RGD-PDL protein quantification  spatial morphological properties 
composition population (cells/mm
2
)  Distribution Density 











1 0.3:1 212 ± 59 127 ± 31 cluster cluster Low low 
2 0.9:1 353 ± 33 796 ± 103 uniform uniform Med high 
3 2.1:1 619 ± 125 426 ± 77 uniform uniform High med 
4 13.9:1 -- -- cluster cluster Low low 
0 0:1 303 ± 50 Cluster Low 
G 0:1 599± 78 Uniform High 
 
G— glass; type 0 – PDL; ratio – RGD-containing peptide : PDL 
 
Table 2.2. DRG Surface Coverage on RGD-PDL-coated pHH films 
RGD-PDL composition surface coverage (day 9)  
type ratio cycRGD-PDL linRGD-PDL 
1 0.3:1 0.08 ± 0.03 0.06 ± 0.03 
2 0.9:1 0.07 ± 0.001 0.11 ± 0.09 
3 2.1:1 0.43 ± 0.06 0.16 ± 0.11 
4 13.9:1 0.17 ± 0.07 0.13 ± 0.01 
0 0:1 0.08 ± 0.04 
G 0:1 0.18 ± 0.05 
G— glass; type 0 – PDL; ratio – RGD-containing peptide : PDL; surface coverage – 






Figure 2.1. Modified PDL Synthesis and Assessment of RGD-dependence of Cell Growth 
and Morphology using NIH/3T3 Embryonic Murine Fibroblasts. (a) Covalent coupling 
mechanism between PDL and RGD-containing peptides. (b) Plot illustrating cyc(lin)RGD-PDL 
1-4 as the degree of the RGD modification of PDL. Error bars represent standard deviations and 
are smaller than data point diamonds for 1 and 2. (c) NIH/3T3 fibroblast cell densities at 24 
hours in culture on different surface treatments. Tukey’s means comparisons (Supplementary 
Information, Table S1) are highlighted by red asterisks, p < 0.01. (d) CFM Images of 3T3 
fibroblasts on representative surface treatments 24 hours after seeding. Actin filaments stained 










Figure 2.2. Attributes of RGD-Modified PDL Surface Treatment Showing DRG Cell 
Culture Optimal Temporal Progression and Glia-Neurons Association. (a) Phase contrast 
inverted microscope images of DRG cells on different surface treatments after ~9 days in culture. 
Cell bodies range orange-dark brown. White asterisks mark cell clusters. The white arrows point 
to individual cell terminals, while the red asterisks mark bundles of terminals, more frequently 
extending out of cell clusters. (b) Surface area coverage of DRG cells as a response to cyc (blue 
bars) and lin (red bars) RGD-PDL surface treatments after ~9 days in culture. Tukey’s mean 
comparisons are presented in Supplementary Information, Table S2. Key differences are 
highlighted by red asterisks, p < 0.0001. (c)DRG cell culture development over time on pHEMA 
spin-coated glass slides treated with cycRGD-PDL 3. (d) Confocal fluorescence micrograph of 




Figure 2.3. DRG Cell Culture on 3D Direct-Write Assembled Structures Demonstrates 
Impact on Growth of Aspect Ratios and Diffusible Molecules. (a) DRG cell response to 
guidance cues of pHEMA 3D-printed scaffolds of various geometries. Filament diameter: 50μm. 
(b) Increased DRG cell attachment and process development on RGD-pHH filaments with RGD-
PDL (right) vs. PDL treatment (center). Increased cell networking on the filaments (right) vs. 




Figure 2.4. Quantitative Comparison of DRG Cell Surface Area Coverage as a Function of 
Ink Chemistry and Surface Treatment. (a) Surface area coverage measured for primary DRG 
cells on their scaffolds and substrates at short (9-11d) and long (17-20d) culture times. 
Conditions are described as scaffold material/surface treatment/substrate: A - RGD-
pHH/PDL/glass, B - RGD-pHH/RGD-PDL/glass, C- RGD-pHH/PDL/pHH, D- RGD-
pHH/RGD-PDL/pHH, E - pHH/RGD-PDL/glass, F - pHH/RGD-PDL/pHH. The data points 
represent results from each set of conditions tested on 5-12 scaffolds. Error bars represent 
standard deviations. Key Tukey’s means comparisons (Tables S3 and S4) are highlighted by red 
asterisks, p < 0.0001. (b) Confocal fluorescence micrographs showing long lasting effects of 
RGD-ink scaffolds in increasing cell networking on scaffold filaments. The white lines represent 





Figure 2.5. Controlling the degree of consolidation of DRG cell networks with 3D Scaffolds. 
(a) Schematic of the 3D scaffold geometry: channel flanked by staircases to allow for 3D 
connections between DRG cells attached to different levels (1-4, inset schematic). Dashed box 
(top left schematic) shows an expanded view of step structural details. Dashed box (bottom) 
shows a phase contrast inverted micrograph of DRG cells on the scaffold treated with RGD-PDL 
at ~9 days in culture. Cell bodies range orange-dark brown. White asterisks mark cell clusters. 
The white arrows point to individual cell terminals, while the red arrows mark bundles of 
terminals, more frequently extending out of cell clusters. (b) Consolidation of clusters over time 
on RGD-pHH scaffolds in 2D (red) and 3D (blue). The 3D scaffold leads to a significant 
decrease in cell cluster numbers over time. Error bars represent standard deviation. (c) Box and 
whiskers plots showing the increase in cluster size over time facilitated by the 3D scaffolds 
(blue) but not the 2D scaffolds (red). The black line represents the mean, showing the increase of 
overall size of clusters over time in 3D. Whiskers extend to the minima and maxima of 90% of 
the data. Box is divided by the median line into first quartile (bottom part) and third quartile (top 
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3.1 Introduction 
Established methods in micro/nanofabrication have the capacity to form diverse classes 
of functional microsystems technologies, where function and performance are defined by the 
physical and chemical attributes of the constituent materials and by the dense, layered 
architectures of the design layouts.  Such systems represent the most compelling examples that 




 actuators and 
sensors,
4,5
 and photonics and optoelectronics.
6-8
  The means of fabrication and the materials used 
in these cases are very different from those in biology, which are largely based on exceptionally 
complex forms of materials integration, where broad ranges of hard and soft materials are 
arranged into elaborated, fully 3D architectures.  Advances in technology that conjoin the most 
advanced classes of materials found in state-of-the-art, manmade microsystems with soft, living 
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matter demand approaches to devices that mimic natural tissue 3D hierarchies and render them 
robustly biologically permissive.  The present work addresses these interests. 
Controlling cellular behavior and directing development of tissue is important for both 
tissue engineering and bioelectronics applications. Contact guidance, a deeply studied property 
of supported cultures, is characterized by cellular responses (e.g. migration, elongation, 
alignment, proliferation, or initiation of cell death) to micro-scale topographical features and 
structures within their local environments.
9-18
  Techniques such as photolithography, electron-
beam writing, sublimation-based nano-structuring, and electrospinning underpin numerous 
exemplars of 2D topographical  patterns across a wide range of materials (e.g. silicones, epoxies, 
semiconductors, organic polymers) that act to induce elongation, migration guidance, and 
cytoskeletal reorganization of cells cultured on them.
19-22
  Micro/nanopillar and nanowell arrays, 
randomized geometries, sinusoid curves, roughened surfaces, as well as numerous strain-based 
assemblies (with feature lengths that can range from 10nm up to tens of microns) are known to 
manifest contact guidance properties that also can control cellular adhesion and elongation.
23-38
 
A key limitation of these materials systems is that their overall planar confinement of cells is far-
removed from the 3D hierarchical and structural environments that are the currency of living 
systems.   
Strategies for fabricating 3D biomimetic scaffolds that contain microporous or micro-
filamentous structures at cellular-active scales typically rely on polymers patterned through 
stereolithographic methods or direct laser writing; methods of controlled microporosity such as 
gas foaming and porogen leaching; and additive manufacturing methods such as 3D inkjet 
printing, fused deposition modeling, selective laser sintering, electrospinning and direct ink 
writing (DIW). 
39-44
 Such scaffolds can replicate natural tissue architectures, but they cannot 
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integrate advanced materials or devices found in high performance electronics or optoelectronics, 
of potential revolutionary use in monitoring, stimulating or guiding the growth, proliferation 
and/or migration of living cells and tissues.  Recent reports attempt to address this limitation 
through the use of chemically synthesized nanomaterials, such as graphene sheets and silicon 
nanowires.
45
  The most recent examples of the latter involve microporous mesh structures where 
the nanowires offer basic functionality in sensors and actuators
46,47
  Although important 
benchmarks in integration, these systems have key limitations that follow from their reliance on: 
(1) classes of semiconductor nanomaterials and device structures that are unable to leverage the 
most successful concepts in planar microsystems technologies; and (2) routes to 3D 
microarchitectures in which mechanical rolling processes yield randomized scaffolds that are 
unable to include full deterministic control over geometric parameters or topologies of interest. 
This chapter describes an important set of advances that exploit 3D microscale open 
frameworks formed spontaneously from advanced materials, including device-grade 
semiconductors such as monocrystalline silicon.  These devices emphasize design rules wherein 
passive perfusion provides stable transport regimes for sustaining cells in culture, obviating the 
requirement for active media renewal that is typically provided by vascular networks.
48-50
  Here, 
elastomeric substrates impart forces that lead to a well-defined process of geometric 
transformation from 2D to 3D, with a diverse set of control parameters. Expanding upon these 
previously established concepts, these devices are functionalized to yield structures that we refer 
to as 3D microscale cellular frameworks (3D µ-CFs).  A systematic set of studies shows that 3D 
contact guidance cues present between the dorsal root ganglion (DRG) cells and the 
functionalized 3D µ-CFs on which they grow dictate cellular integration outcomes that depend 
both on the local geometry of the scaffolds, which in turn yield specific alignment and elongation 
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behaviors that evolve with culture time. The additional factor of strain gradients that develop 
within the 3D tissue constructs is evidenced by distinct growth motifs (DRG-mimetic clusters, 
high tension fibers, and cellular sheaths) whose forms arise as a unique consequence of their 3D 
scaffolds environment.  The work reveals mediating design rules that addressed in the first 
sections of this chapter. 
A limitation presents itself, however: the 3D mesostructures formed in this manner 
remain naturally tethered to the elastomeric substrates used for assembly. In many cases of 
interest, however, the elastomer itself imposes engineering constraints that prevent application in 
scenarios that require function with high levels of dimensional stability and/or optical 
functionality (e.g. precision optical microsystems) or in free-standing forms (e.g. micro-
robotics). The advances outlined in the latter sections of this chapter directly address these 
limitations, via approaches that include interfacial photopolymerization, non-linear mechanical 
deformation and physical transfer. A key demonstration of these ideas consists in scaffolds for 
growth, recording and stimulation of DRG neural networks. 
 
3.2 Experimental Methods and Materials  
Commercially available chemical reagents and abbreviations used in the following 
experiments are as follows. Poly-ᴅ-lysine (PDL, hydrobromide, Mw 30,000-70,000), Cytosine α-
ᴅ-arabinofuranoside (AraC), were purchased from Sigma-Aldrich. N-Succinimidyl 3-[2-
pyridyldithio]-propionate (SPDP) was purchased from ProteoChem, cyc (RGDyC) was 
purchased from Peptides International, Ac - GCGYGRGDSPG - NH2 was purchased from 
AnaSpec, desalting columns were purchased from Fischer Scientific. Phosphate buffered saline, 
trypsin-EDTA, Penicillin-Streptomycin (Pen/Strep), NGF 2.5S Native Mouse Protein, Hank's 
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Balanced Salt Solution (HBSS), Neurobasal-A Medium, B-27 serum free supplement, 
GlutaMAX, 1% Triton X-100 solution, Prolong Gold antifade agent were purchased from Life 
Technologies, cell culture grade Dimethyl Sulfoxide (DMSO) and Paraformaldehyde solution 
were purchased from Santa Cruz Biotechnology, Type 2 Collagenase was purchased from 
Worthington Biochemical, human BDNF was purchased from ProSpec, chicken polyclonal anti-
GFAP antibody was purchased from Abcam. 4,6-Diamidino-2-phenylindole dihydrochloride 
(DAPI) was purchased from Polysciences Inc. Water used in all experiments was purified using 
a Milli-Q water purification system (Millipore, Bedford, MA) with resistivity higher than 
18MΩ·cm.  DRG media used for adult rat DRG cell culture consists of Neurobasal A 
supplemented with 2% B-27 serum free supplement, 0.25% GlutaMAX, 1% 
Penicillin/Streptomycin, 0.05% murine neural growth factor (NGF), and 0.05% human brain-
derived neurotrophic factor (BDNF). Cytosine arabinoside (AraC) is added up to a final 
concentration of 0.3 µM for glial proliferation inhibition.  
 
3.2.1 Scaffold Fabrication  
Si and SU8 micro-scaffolds are prepared as previously described. Briefly, preparation of 
3D structures in silicon began with photolithography and reactive ion etching (RIE) of the top 
silicon layer on a silicon on insulator (SOI) wafer. Immersion in hydrofluoric acid (HF) removed 
the buried oxide from the exposed regions and also from the regions near the edges of the 
patterned silicon. Spin casting a layer of polytetrafluoroethylene (PTFE) defined a uniform 
coating (~100 nm) across the substrate and into the undercut regions. Photolithography and 
etching of a thin (50 nm) layer of gold deposited by electron beam evaporation yielded a mask 
for removing the PTFE from selected regions by RIE. Following removal of the gold, immersion 
in HF eliminated the remaining buried oxide by complete undercut etching of the silicon. The 
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PTFE remained at the edge regions, where it served to tether the silicon micro-scaffolds to the 
bottom wafer. Transfer printing is used to retrieve the silicon and to deliver it to a piece of water 
soluble tape (polyvinyl alcohol, PVA). A thin sheet of a silicone served as the assembly 
platform, stretched to well-defined levels of prestrain using a custom stage. Exposing the 
prestrained elastomer and the 2D silicon precursor (on PVA) to ultraviolet light ozone (UVO) 
yielded hydroxyl termination on the surfaces of both the silicone and silicon. Laminating the tape 
onto the elastomer with the silicon side down, followed by baking in an oven yielded strong 
covalent bonds between the silicon and silicone. Washing with tap water dissolved away the 
tape. Drying the sample and then slowly releasing the pre-strain in the substrate completed the 
assembly process. Preparation of 3D structures in a photodefinable epoxy (SU8) began with 
spin-coating a layer (500 nm) of polymethyl methacrylate (PMMA) as a sacrificial layer on Si 
wafer. And then a layer of SiO2 (50 nm) is coated on the PMMA by electron beam evaporation. 
Photolithography and etching by RIE defined the bonding site with SiO2. Spin-coating formed a 
layer of SU8 (4 μm) on the top of the patterned SiO2. Photo patterning of the SU8 defined the 
geometries of the 2D precursors that are aligned with the SiO2 underneath. Immersion in hot 
acetone partially removed the underlying PMMA layer, thereby allowing the entire structure to 
be retrieved from the silicon wafer onto the surface of a piece of water soluble tape (3M, Inc.). 
The following steps (pre-straining, UVO activation, and releasing) are the same as in the Si 
micro-scaffold sample. 
 
3.2.2 Preparation of 3D Polymer μ-CFs  
The fabrication procedures began with thermal growth of a thin layer of silicon dioxide 
(SiO2, 500 nm in thickness) on a silicon wafer. Next, spin casting and photolithography defined 
61 
 
2D polymer patterns using photodefinable epoxy (SU8, 4 μm in thickness) on the SiO2. 
Immersion in hydrofluoric acid (HF) removed the buried SiO2 layer from the edges of SU8 
patterns and exposed regions. Spin casting and photolithography patterned a layer of photoresist 
(AZ 5214, 4 μm in thickness) on top of the SU8 patterns to define bonding regions. Immersion in 
HF for around 6 hours fully removed the remaining SiO2. Transfer-printing techniques enable the 
retrieval 2D precursors from silicon wafer and their delivery onto water soluble tape (polyvinyl 
alcohol, PVA). A thin sheet (~ 0.5 mm in thickness) of PDMS elastomeric substrate, created by 
mixing in a 30:1 ratio by weighing base and curing agent of a commercial material (Sylgard 184 
Dow Corning), is stretched to a certain prestrain on a customized stage. The elastomer substrate 
and PVA tape are subjected to UV-induced ozone radiation to produce hydroxyl termination on 
their exposed surfaces. The PVA tape is then laminated on the prestrained elastomer with 
patterns facing downwards. Baking (70
o
C for 10 min) resulted in the formation of strong 
covalent bond between PDMS and exposed patterns due to the condensation reactions between 
the hydroxyl groups. PVA tape is dissolved in hot water and the photoresist is removed by 
acetone. 3D polymer microstructures are formed by slowly releasing the pre-strain. 
 
3.2.3 Transfer Printing of 3D Mesostructures  
Formation of 3D mesostructures followed previously reported schemes in mechanically 
guided 3D assembly, but with Al2O3 sacrificial layers deposited between the bonding sites and 
the elastomer substrates. Transfer printing of 3D mesostructures began with melting solid wax at 
elevated temperatures (125 °C for Crystalbond
TM 
509 or 90 °C for paraffin wax) and then casting 
this material onto the samples to cover entire 3D mesostructures. Cooling to room temperature 
re-solidified the wax to form a sacrificial carrier. Immersion in HCl (37% by weight) for 24 
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hours removed the Al2O3 to release the structures embedded in wax. Transfer printing allowed 
delivery onto target substrates coated with one of three different types of adhesives: PDMS, 
silver conductive epoxy (CircuitWorks CW2400, ITW Chemtronics, Kennesaw, GA) or tissue 
adhesives (Vetbond; 3M, St. Paul, MN). After curing the adhesive at room temperature, 
immersing the samples in an organic solvent (acetone for Crystalbond
TM
 509 and toluene for 
paraffin wax) at 70°C dissolved the wax to complete the process. 
 
3.2.4 Fabrication of 3D Hierarchical Structures  
The process started with the release of five first-order 3D structures embedded in wax 
(Crystalbond
TM
 509) using the steps described above. Transfer printing and dissolving the wax 
delivered these structures onto a patterned PDMS-coated (10 µm thickness) copper foil to yield a 
2D-3D hierarchical precursor for a second buckling induced assembly process. Defining bonding 
sites on this precursor through selective deposition of Ti/SiO2 (5 nm/50 nm in thickness by 
electron beam evaporation) with a shadow mask, bonding it to a prestrained elastomer substrate 
and releasing the prestrain transformed this hierarchical precursor into a corresponding 3D 
structure. 
 
3.2.5 Fabrication of 3D Electronic Scaffolds  
Fabrication of 3D electronic scaffolds began with spin coating a sacrificial layer of 
poly(methyl methacrylate) (PMMA, 60 nm in thickness) on a silicon wafer. Spin casting, 
photolithography and reactive ion etching (RIE) formed a pattern of PI (4 µm thickness) on top 
of the PMMA. Next, spin casting, photolithography, electron beam evaporation, wet etching, and 
lift-off patterned Cr/Au/TiN (10 nm/300 nm/50 nm in thickness) onto selected regions of the PI 
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structure as the electrodes and conductive interconnections. Another layer of PI (3 µm thickness) 
was patterned on top of the first, in a matching geometry but with circular openings to define the 
electrodes (50 μm in diameter). Dissolving the PMMA in acetone enabled transfer of the 
resulting 2D precursors to water soluble tape. Electron beam evaporation of Ti/SiO2 (5 nm/50 
nm in thickness) through a shadow mask defined bonding sites. The remaining steps followed 
procedures described above for other structures. 
 
3.2.6 Scaffold Preparation for DRG Cell Seeding and Culture  
3D scaffolds were rinsed with ethanol, then sterilized by exposure to UV light (300 W 
lamp) in a laminar flow hood for 30 min. Scaffolds were then immersed in a 100 μg/mL RGD-
modified PDL solution for 60 min prior to seeding. All micro-scaffolds are surface-treated in this 
way. UV-Ozone treatment (7-10 min) is performed prior to protein incubation for SU8 table 
scaffolds, which are then exposed to the protein solution. To prepare RGD-modified PDL, a 
solution of PDL (2 mg/mL) in HEPES buffer is reacted with solutions of SPDP in DMSO (50 
μM, 30 min, RT). The reaction mixtures are filtered through spin desalting columns, then 
subjected to solutions of cyc(RGDyC) (50 μM) and stirred at 4°C overnight. The products are 
purified by filtration through spin desalting columns. 
 
3.2.7 Adult Rat DRG Isolation  
All work with live animals is performed in full compliance with local and federal 
guidelines for the humane care and treatment of animals and in accordance with approved by the 
University of Illinois at Urbana-Champaign IACUC animal use protocol. Sprague-Dawley male 
rats are quickly decapitated using a sharp guillotine. Spine vertebrae are surgically cut on both 
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side between pedicle and lamina in the area of the facet of superior articular process. This cut 
exposed the spinal cord which is removed. Additional cuts on sides and in the middle of the 
ventral portion of the vertebral column created two chains of vertebra pieces with easily 
visualized DRGs. DRGs are removed using fine forceps and placed into the Hibernate A (Life 
Technologies) solution located on ice. 
 
3.2.8 Primary Adult Rat DRG Dissociation and Seeding  
Approximately 20 lumbar and thoracic DRGs from an adult rat are collected and stored in 
Hibernate A up to 2 d before seeding. The Hibernate media is then removed. The DRGs are 
treated with collagenase (0.25%) in DRG physiological media (1.5 h at 37°C), shaken a few 
times during incubation and violently upon completion of the incubation period. The DRGs are 
centrifuged (200 x g for 2-3 min) to remove supernatant, and washed with HBSS. After another 
centrifugation to remove the HBSS, the DRG are incubated in Trypsin with EDTA (0.25% for 15 
min at 37°C). The DRGs are centrifuged to remove supernatant, re-suspended in DRG media + 
1% FBS for 50 sec to inactivate trypsin, and triturated. Once some of the pellet re-settled, the 
supernatant is collected and centrifuged for 5 min at 200 x g. The resulting pellet is washed with 
HBSS and centrifuged to remove supernatant. The cells located in the pellet are re-suspended in 
the desired amount of DRG media containing the glial inhibitor AraC, usually 1 mL per 10 
original DRGs. After cell seeding, the scaffolds are incubated for 10 min at 37°C to allow for 
cell attachment before an additional 2 mL per Petri dish (3 mm in diameter) of DRG media is 
added. The media is changed every 7 d. The concentration of AraC in the DRG media is kept at 
0.3 μM from the moment of cell seeding until the end of the culture. 
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3.2.9 Immunocytochemistry–Neuronal Extensions (MAP2)/Glia (GFAP)/Nuclei 
Staining  
After 7 d in culture, neurons are rinsed 3 times with PBS (37°C), immersed in 4% 
paraformaldehyde (37°C) at ambient temperature (23-25 °C) for 20 min and then rinsed again 
with PBS, five times (last time for 5 min on a shaking board ). A PBS solution containing 0.25% 
Triton X-100 is added to the samples for 10 min to permeabilize cellular membranes, before 
rinsing again with PBS five times. The samples are incubated in a 5% NGS (Normal Goat 
Serum) for 30 min before rinsing again with PBS five times. The samples are then exposed to 
primary rabbit anti-MAP2 antibody at a 1:1,000 dilution at 4ºC overnight and then rinsed five 
times with PBS. Next, the samples are exposed to primary chicken anti-GFAP (1:1,000 dilution) 
antibody at room temp for 1 h and then rinsed five times with PBS. Secondary Alexa 594 anti-
rabbit and Alexa 488 anti-chicken IgG antibodies (1:200) are added to the samples, which are 
allowed to incubate for 1 h (23-25°C). The samples are then rinsed with PBS five times. Finally, 
the samples are incubated with DAPI in PBS (0.002% for 1 min) and rinsed with deionized water 
30 sec. The samples are covered with 2-3 drops of antifade mounting media and a coverslip is set 
on top of the mounted sample.  
 
3.2.10 Confocal Fluorescence Imaging  
All fixed scaffolds are visualized using the Zeiss LSM7 Live CFM. 10x EC Plan-
Neofluar NA 0.3 and 20x objective lenses are used to image large scaffold volumes and required 
no immersion medium. A 40x NA 1.4 objective lens is used for cell structural analysis and 
alignment analysis, and a 100x Plan Apochromat NA 1.4 objective lens is used to image 
individual morphologies of gap spanning cellular structures. Both lenses used Zeiss Immersol 
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518 immersion medium with refractive index ne=1.518 at 23°C. Pinhole diameters for all images 
ranged from 1-2 AU and followed Nyquist sampling rules. An NFT 490 beam splitter, BP 495-
520+BP550-615 IR filter and BP 415-480 filter are used to collect multi-channel fluorescence 
data from 405, 488 and 594 nm laser excitation for fibroblast-seeded scaffolds. 
 
3.2.11 Live/Dead Assays and SEM Sample Preparation  
The Live/Dead assay is applied to scaffolds at relevant time-points by mixing calcein AM 
“live” stain (5 μL) and ethidium homodimer “dead” stain (5 μL) with PBS (10 mL) and 
incubating all sample chambers in this solution (200-300 μL) during imaging on a Zeiss Axiovert 
25 microscope.  
To prepare samples for SEM, samples are fixed overnight in 4% paraformaldehyde then 
soaked for another 24 h in DPBS. A 30% EtOH/H2O is then applied to all samples to begin 
incremental dehydration. This is followed in succession by a 70% EtOH : H2O and 100% EtOH 
solution. Incubation in solution type is no less than 20 min and no more than 1 h. The EtOH 
solution is replaced with fresh EtOH solution, in which the samples are stored overnight. They 
are then immersed in EtOH/HMDS solution of incrementally high concentration consisting 2:1 
EtOH/HMDS, 1:1 EtOH/HMDS, 1:2 EtOH/HMDS, 100% HMDS, then allowed to dry overnight 
for full evaporation of HMDS. The samples are then mounted for SEM and sputter-coated (30 







3.2.12 Electrophysiological Recordings  
All extracellular recordings used an AC-coupled differential amplifier (model 1700, A-M 
Systems). Signals were filtered with a 300 Hz high-pass filter and a 1 kHz lowpass filter. 
Amplified signal was digitized by Digidata 1322A (Molecular Devices) at 6.7 kHz. 
 
3.2.13 Cyclic Voltammetry 
Cyclic voltammetry experiments were carried out in a three electrode cell geometry, 
utilizing the sensor array as a work electrode, a graphite electrode as counter electrode and a 
Ag/AgCl reference. The electrolyte was a 1 mM solution of Ferrocenecarboxylic acid (Sigma 
Aldrich, 97%) in DRG cell culture media. The results presented in Figure 4H were obtained with 
a scan rate of 10 mV/s.  
 
3.3 Results and Discussion 
3.3.1 Design Rules for Bio-Integration onto 3D μ-CFs 
In the sections that follow, we directly compare the ways in which the scaffold geometry 
and aspect ratio of its features impact tissue-level DRG cell integration. DRG cell cultures seek 
to reorganize into clusters of neuronal cell bodies and develop tensile cell extension bundles that 
interconnect those clusters. The role of the 3D μ-CF consequently should be one of spatially 
programmed anchoring intersection points and double-sided growth surfaces, which is the design 
rule of merit used when selecting geometries for DRG applications. DRG cell clusters can be 
several hundred microns in size as well, due to the number of large neuronal bodies assembling 
within them, so it becomes important to provide an on-scaffold surface that is large enough to 
accommodate these cell morphologies. It was unclear prior to 3D DRG cell culture experiments 
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as to what degree the high tensile strain that is known to develop within cellular extension 
bundles would affect the maintenance of registry between DRG cell structures and their guiding 
3D μ-CFs.
51-58
 For this reason, a series of table scaffolds are prepared that vary their degree of 
support as well as the size and geometry of their aerial intersection region so that we may 
directly study this property. 
 
3.3.2 Tissue-Level Integration onto 3D μ-CFs.  
Specific micron scale design rules of the μ-CFs provide important functional contexts for 
controlling morphologies and organization of more complex tissue-level cellular structures—
here exemplified in primary neuronal tissue cultures as they redevelop ex vivo.  
In these studies, we examined μ-CFs comprised of both Si and SU8 epoxy materials to 
various benefit for optical characterization by CFM. Dissociated DRG cells are introduced to 
each, and the differences in growth compliance followed in extended live cultures (Figure 3.1b) 
in order to analyze the specific morphological and temporal responses of the primary cell culture 
to the 3D structural attributes of the scaffold. These responses are categorized by their specific 
morphologies, as detailed in later sections, but are well-described in qualitative terms by the 
schematics presented in Figure 3.1b (inset), in which all three types of DRG cells reassemble in 
culture into ganglion-mimetic formations that develop differently on 3D scaffolds than they do in 
a 2D control. The data in Figure 3.1c-1 shows calcein AM live-stained DRG tissue cultures on 
an exemplary Si μ-CF table after ~45 d in culture. In all instances, the table μ-CFs supported 
cellular network formation, with numerous instances of axonal fibril bundles that are 
morphologically consistent with high-tension formations/connections that span between different 
parts of the scaffold. A representative Si μ-CF table top is shown in Figure 3.1c-2 following 
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neurite-specific (microtubule-associated protein 2, MAP2, red) and glia-specific (glial fibrillary 
acidic protein, GFAP, green) immunohistochemical (IHC) staining. Glia-mediated cell networks 
are seen to interconnect legs on opposite and adjacent sides of the scaffold. The nuclear stain 
DAPI (blue) is also used to help differentiate between individual cells. As shown, neurons tend 
to cluster on the legs of the tables, although they are seen with a lower frequency to adhere to the 
table top. Neuronal cell bodies (noted with orange arrows) have a green halo due to the sheaths 
of glial satellite cells that surround them. The prevalence of DRG cell clusters at the junction 
between the table top and legs signify a 3D-specific mode of DRG cell network formation that is 
not evidenced in control planar cultures. 
To examine how specific attributes of the μ-CF geometry direct the 3D DRG cell 
network development, a series of epoxy tables are prepared on PDMS substrates and seeded with 
dissociated DRG cells following surface treatment with a poly-ionic protein, poly-ᴅ-lysine 
(PDL), that we chemically modified with the RGD integrin recognition sequence to prepare an 
RGD-PDL hybrid protein that renders strong growth compliance properties to these substrates. 
These structures, shown as colorized SEM images in Figure 3.1d, consist of a 4-leg basic 
junction (or table legs), a mini table, and an open-ring table. Light microscopy of all scaffolds 
performed over ~45 days in culture showed that by day 7, mixed cell populations organize into 
clusters on the legs of all table types, while maintaining dense on-scaffold networks (Figure 
3.1d, middle). IHC images taken after 45 d in culture (Figure 2.4d, middle) show that on-
scaffold growth remains robust for the 4-leg basic junction and the 4-leg mini table, which have 
the smallest inter-cluster distances. Larger tables show moderate-to-low on-scaffold growth in 
comparison. Open-ring table scaffolds initially show good alignment between DRG cell 
networks and underlying scaffold geometry. As the culture times lengthen (at 2-3 wks), the open 
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ring curvature is increasingly disregarded as high tension axonal bundles bridge the shortest 
distance between adjacent cell clusters, until fewer cells are found on this scaffold geometry than 
on the others. Interestingly, the table Si 3D μ-CFs have 70 μm legs, the table SU8 3D μ-CFs 
have 50 μm legs, and both geometries show preferential cluster formation at the tabletop-to-leg 
junction. This suggests that a range of ribbon widths with dimensions on this order might equally 
support their development and attachment.  
 
3.3.3 DRG Tissue-Level Organization and Morphology on 3D μ-CFs.  
We next characterized the tissue-level morphologies that developed in the scaffold-
supported DRG cell cultures. As the cultured cells reorganize as tissue-like assemblies, specific 
morphologies develop that require support by the non-planar attributes of the scaffolds’ micro-
architecture. These tissue constructs are influenced by their scaffold’s contact guidance cues (in a 
manner similar to that seen in model fibroblast cultures), but are also dictated by the tensile 
strain fields (reported in the literature in the range of 100-102 nN for developing growth cones) 
that originate within the cell populations.
51, 57, 58
 These 3D-specific morphologies include: 1) 
ganglion-mimetic on-ribbon clusters (clusters that reorganize in a way that resembles the native 
Dorsal Root Ganglion) (Figure 3.2a); 2) high tension fibers (Figure 3.2b) that are either 
scaffold-supported (top panels), or scaffold-anchored (bottom panels); and 3) cellular sheaths 
(Figure 3.2c) that occur on the flat plane of the table μ-CFs as the organotypic cell culture 
reorganizes.  
The ganglion-mimetic cluster motifs are densely populated with cells, as illustrated in an 
exemplary optical image of a cluster lying at the junction between the leg and ring of an open-
ring table scaffold (Figure 3.2a, left). With calcein AM live cell imaging, cell size heterogeneity 
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is apparent (Figure 3.2a, middle). Fixed IHC imaging shows the heterogeneous cell population 
(blue nuclei, red neurons, and green glia) native to a cluster of this kind (Figure 3.2a, right). The 
frequency and functional locations of neuron-centric on-ribbon clusters indicate them to be a 
central anchoring component of the 3D growth motif. These clusters mimic how related cell 
populations interact within the DRG in vivo, as neuronal cell bodies are naturally clustered 
together in native DRGs, with their terminals bundled in fibers, supported by Schwann cells.
59-61  
Two additional motifs present in the 3D cultures are visualized with SEM and 
distinguished biologically with IHC. As noted, DRG tissue cultures show a pronounced tendency 
to form high tension constructs that interconnect adjacent table legs, spanning linearly even when 
table curvature is present (Figure 3.2b, top-left). These are described as scaffold-supported 
fibers, contain numerous bundles of axons (Figure 3.2b, top-middle), and can be differentiated 
into glial, neuronal, and nuclear components (Figure 3.2b, top-right). These bundles of neuronal 
axons and Schwann cells also develop into high tension fibers that anchor to table μ-CFs but are 
sufficiently tensile to not use additional support (Figure 3.2b, bottom-left). These structures also 
contain numerous cellular projections and axons (Figure 3.2b, bottom-middle), that are 
distinguished biologically with IHC (Figure 3.2b, bottom-right). Also observed are cellular 
sheaths in which neuron attachment on the table-top is densely woven with glial processes 
(Figure 3.2c, left) that blanket them with glial networks as shown in the SEM image in Figure 
3.2c, (middle) and the CFM image in Figure 3.2c (right); neuron bodies covered with satellite 
glial cells are also seen (red circles). These results suggest that compressively-buckled μ-CFs are 
extremely promising for the programmable engineering of complex 3D functional materials 
environments. Beyond capacities for control of chemical environments, these findings suggest 
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immediate opportunities that might provide embodiments to engender new applications in tissue 
engineering, regenerative medicine, 3D diagnostics, and therapeutic/implantable electronics. 
 
3.3.4 Free-Standing 3D Mesostructures 
In mechanical buckling schemes for the assembly of the 3D mesostructures described in 
the previous sections of this chapter, the elastomer substrates remain critical parts of the system, 
as platforms that hold the 3D structures in their designed shapes. Many desired applications, 
however, demand independence of structures from their elastomeric substrates. 
Realization of free-standing structures demands additional ideas, one of which is 
described in Fig. 3.3A. It starts with casting of a liquid, photodefinable polymer (epoxy; SU8, 
Microchem Corp) onto a 3D mesostructure while on its elastomer assembly substrate (silicone; 
Dragon Skin, Smooth-On, Easton, PA) pre-coated with a thin layer of Al2O3 (50 nm in 
thickness). Passing ultraviolet (UV) light through a photomask mounted on the backside of the 
substrate photopolymerizes a thin layer of the epoxy at the interface, with size and geometry 
matched to those of the 3D mesostructure 
62, 63
. Washing away the unexposed areas and then 
immersing the entire sample in hydrochloric acid (37% by weight) to remove the Al2O3 yields 
free-standing 3D mesostructures supported by thin epoxy bases. Additional details appear in the 
Methods. The UV exposure dose determines the thickness of the base. Examples of this simple 
process include a starfish-like structure of epoxy (thickness 7 µm, ribbon width: 50 µm confined 
with hollow bases (thickness: ~ 30 µm, inner radius: 300 µm, outer radius: 1 mm, Fig. 3.3B), a 
collection of double-floor helices of epoxy (thickness: 7 µm, ribbon width: 50 µm, Fig. 3.3C) on 
a rectangular base (thickness: ~ 30 µm, length: 1.3 mm, width: 1 mm), and an epoxy bilayer 
nested cage (thickness: 50 nm/7 µm) on a circular base (thickness: ~ 30 µm, radius: 1 mm, Fig. 
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3.3D). In all cases, the 3D structures are mechanically robust and can be mechanically 
manipulated onto other objects without fracture.  
 
3.3.5 Transfer Printing of 3D Mesostructures and Hierarchical Geometries 
Fig. 3.3E presents a different strategy, in the form of a physical transfer scheme that 
enables direct, physical micromanipulation of 3D mesostructures, here in the context of trilayer 
nested cage. The process begins with geometric transformation of a corresponding multilayer 
stack of 2D precursors via compressive buckling on a silicone elastomer support. Here, a thin 
film of aluminum oxide (Al2O3, 50 nm in thickness) serves as a sacrificial layer that bonds the 
precursor to the elastomer at precise, lithographically defined locations. Embedding the resulting 
structure in wax encapsulates the system to allow removal of the Al2O3 (immersion in 
hydrochloric acid, 37% by weight) and release from the silicone without altering the 3D 
geometry. Methods inspired by 2D transfer printing techniques allow controlled retrieval and 
aligned delivery onto a target substrate coated with a thin adhesive layer (e.g. 
polydimethylsiloxane (PDMS), conductive silver pastes, biocompatible tissue adhesives or 
others). Removal of the wax completes the process. Detailed procedures for various specific 
examples appear in Methods.  
 
3.3.6 3D Electronic Scaffolds for Engineered DRG Neural Networks 
Transferred 3D frameworks can be used for guided growth of biological systems. Such 
sophisticated cellular scaffolds can leverage high performance components, including various 
electronic and optoelectronic devices, formed in 2D planar designs, to allow interaction and 
communication with live cells and tissues in 3D. Potential consequences range from in-vitro drug 
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development to in-vivo tissue repair 
33,64,65
. As a demonstration, 3D bilayer nested cages of 
epoxy (Fig. 4a) transferred onto optical quality glass to enable high resolution, in-situ imaging, 
serve as growth platforms for neural networks of DRG cells dissociated from explants from rats. 
Presented here, the 3D bilayer cage structure is pre-treated with RGD-modified poly-ᴅ-lysine 
(PDL) to promote cell adhesion (Fig. 3.4A, right). During the 35 days of cell culture 
development, the DRG cells organize into networks that exhibit two main modes of interaction 
with the scaffolds: following the 3D geometries of the scaffolds (left two frames in Fig. 3.4B) 
and forming “shortcuts” between ribbons (right two frames in Fig. 3.4B). The DRG cells are 
fixed and immunostained based on neuron-specific (MAP2, red) and glia-specific (GFAP, green) 
markers to show the organization of cells on the scaffolds by using confocal fluorescence 
microscopy. Corresponding phase contrast images are also included in Fig. 4B to delineate the 
scaffold geometries. These experiments demonstrate that the scaffolds facilitate the 
reorganization of initially uniform dispersions of cells into hierarchical cellular constructs 
dictated in part by intrinsic cell properties. 
Gradient light interference microscopy
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 (GLIM, Fig. 3.4C) can capture the full 3D 
nature of both the scaffolds and the tissue constructs formed within them, along with intrinsic 
cell properties. This method offers label-free imaging by use of the gradient of the phase (D∅γ= 
Vγ∅) rather than the phase itself. In-situ GLIM time-lapse characterization, summarized in Fig. 
3.4D, highlights the formation of the aforementioned shortcuts over the course of 27 hours. Fig. 
3.4E provides a 3D image rendered from the GLIM data (Amira, Inc) of a single DRG cell 
bridging cellular structures on two different ribbons, providing information regarding the 
thickness of the cellular structures.  
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Integration of microelectrodes into such 3D constructs allows study of the 
electrophysiological behaviors of the growing DRG neural networks (Fig. 3.4E-H). Here, 
exposed circular gold pads (50 µm in diameter, 300 nm in thickness) patterned on 3D cages act 
as microelectrodes for noninvasive extracellular stimulation and recording of action potentials 
(Fig. 3.4F). A nanostructured, biocompatible layer of titanium nitride (TiN, 50 nm in thickness) 
deposited onto these gold pads increases the interfacial surface area and provides capacitive 
charge-injection without generating/consuming chemical species during electric stimulation, thus 
promoting high fidelity stimulation/recording. Electrochemical measurements in Fig. 3.4G 
indicate a low impedance (|Z|) for the electrodes in cell culture medium at room temperature. The 
phase response in Fig. 3.4G can be attributed to the complex impedance of the interface and the 
resistance (RS) of the electrolyte, which is in series connection with the interface. Cyclic 
voltammetry curves in Fig. 3.4H demonstrate that the electrodes are electrochemically active, 
seen here as oxidation waves for a ferrocenecarboxylic acid test analyte measured with and 
without the RGD-modified PDL pretreatment (i.e. the presence of the TiN and adsorbed cell 
attachment protein modifies but does not block their electrical activities). The top left frame in 
Fig. 3.4I reveals no measurable signals after seeding and culturing DRG neurons for 7 days, 
consistent with silent behavior during this period
68
. After stimulating DRG neurons using one 
electrode with a biphasic periodic voltage (frequency: 100 Hz, amplitude: 10 V, duration: 1 s), 
capacitive charging appears in the electrode-electrolyte double layer. The same electrode 
subsequently detects twelve spikes (the bottom left frame in Fig. 3.4I). Magnified views in Fig. 
3.4I (right frame) and Fig. 3.5 reveal that these spikes have triphasic waveforms with durations 
of ~ 4 ms and amplitudes between 5 µV and 16 µV, consistent with shapes and durations 





printing of 3D electrodes integrating DRG neurons, or other classes of cells, with free-standing 
3D mesostructures (Figs. 3.6 and 3.7) represent additional possibilities. These types of 3D 
electronic scaffolds, as well as extensions of them that integrate other types of chemical, thermal, 
electrical and/or optical sensors and actuators, have potential in many areas, including as 
vehicles to facilitate the development of in-vitro models for drug discovery and toxicology and 
as tools to accelerate basic research on mechanisms by which stimuli can influence the 
development of cells, of particular relevance in the exploration of strategies to promote wound 
healing, tissue repair, disease treatment and others. 
 
3.4. Conclusions  
Advances in materials assembly, specifically the combined use of the deterministic 
assembly of advanced electronic materials and direct ink writing of biocompatible polymer gels, 
provide a means through which to construct complex 3D architectures and devices that 
heterogeneously integrate soft/biological matter with high performance semiconductors. Such 3D 
μ-CFs—rendered growth compliant by modifications of their surfaces—yield nonplanar contact 
guidance environments that elicit tissue-mimetic hierarchies of organization. While the guidance 
cues provided by 3D μ-CFs do not directly replicate the nanostructural features of natural 
extracellular matrices, their open frameworks and supporting out-of-plane scaffold organizations 
make them an interesting addition to materials structures for use in tissue-level modes of cellular 
organization. They further engender new capacities for design and structural organization that 
distinguish them from planar patterns and more quasi 2D device formats for cellular cultures. As 
illustrated in the examples presented above, these distinctions include: curvilinear forms; true 
terminating edges without sidewalls; broad variations of supporting feature widths (from the 
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order of the dimensions of single cells to more extended areal layouts); geometrically-
controllable 3D placements of features (ranging proximally to distances that only self-supporting 
tissue-level cell constructs can bridge); and capacities to support cell growth on the adjoined 
faces of the supporting membrane substrates. Furthermore, the concepts in patterned, interfacial 
photopolymerization, mechanical plasticity and physical transfer introduced here qualitatively 
expand the range of geometries and application possibilities available to schemes in 3D 
micro/nanomanufacturing by mechanical assembly. Broad, diverse collections of examples in 3D 
mesostructures, including those with sophisticated hierarchical and freestanding designs, both on 
and in varied substrate environments, hint at the scope of engineering options. Active, 3D 
templated control and sensing of growth processes in advanced, synthetic materials systems and 






Figure 3.1. Dorsal root ganglion-derived cellular integration on 3D micro-scaffolds.  
a) Schematic of primary rat dorsal root ganglia and the cell populations that are dissociated from 
them (DRG neurons, Schwann cells, and satellite glia) which are b) cultured on Si µ-CF tables or 
SU8 epoxy polymer tables (light blue scaffolds). DRG scale bar is 450 µm and 2D DRG cell 
culture scale bar is 65 µm. c) Si µ-CF table arrays are cultured with DRG cells that redevelop 
tissue constructs guided by the 3D scaffolds (scale bar 1.5 mm) in (1) calcein AM-stained live 
cultures (scale bar 100 μm) and (2) fixed cultures immunohistochemically (IHC) stained for (red)  
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Figure 3.1. (cont’d) 
neurons, (green) glia and (blue) nuclei. Red arrows specify neuron cell body positions (scale bar 
150 μm) d) colorized SEM images of SU8 epoxy µ-CF polymer tables of varying geometries 
include table legs only (top, 1), a mini table (middle,1), and an open table (bottom, 1; scale bar 
150 µm), each cultured with DRG cells shown with phase contrast 2; scale bar 500 μm) and IHC 




Figure 3.2. 3D-specific morphological formations of dorsal root ganglion-derived cells. 
DRG tissue constructs develop through contact guidance from the scaffold and through 
development of apparent tensile morphologies within their networks. Tissue construct motifs 
include a) ganglion mimetic clusters that re-form around elevated, high aspect ratio scaffold 
geometries in (top) phase contrast, (middle) live calcein-AM stained, and (bottom) IHC-stained 
(scale bars 100 µm, 50 µm, 100 µm). b) High tension fibers form shortcuts that interconnect 
scaffold geometries in scaffold-supported and scaffold-anchored morphologies shown at low and 
high magnification SEM images (left, middle) and (right) fluorescence micrographs (scale bars 
top: 150 µm, 5 µm, 15 µm; bottom: 20 µm, 10 µm, 20 µm). c) Cellular sheaths develop as glial 
cells network around DRG neurons on table scaffold planes. More exposed neurons are shown at 
left, with thicker cellular sheaths shown at middle, and fluorescence micrograph of on-scaffold 








Figure 3.3. Free-standing and transfer printing of 3D mesostructures. (A) Schematic 
illustration of a method for forming free-standing 3D mesostructures on thin, photodefined bases 
(i) forming a 3D mesostructure (yellow) on an elastomeric substrate (blue) with thin, sacrificial 
layers of Al2O3 (bright red) between the bonding sites and the elastomer, (ii) casting, curing, and 
patterned back-side exposure of a layer of photodefinable epoxy (SU8) to define the base, (iii) 
developing the exposed epoxy to form the base (green) integrated with the bottom of the 3D 
mesostructure, and (iv) releasing the 3D mesostructures into free-standing objects by immersion 
in HCl to eliminate the Al2O3. (B-D) SEM images of epoxy free-standing 3D mesostructures. 




Figure 3.3. (cont’d) 
(E) Schematic illustration of the transfer printing method for a representative case of a 
multilayer, nested cage structure (i) forming of a 3D mesostructure (yellow) on an elastomeric 
substrate (blue) with thin, sacrificial layers of Al2O3 (bright red) between the bonding sites and 
the elastomer, (ii) applying wax to encapsulate and confine the mesostructure to hold its shape 
after release from the elastomer by immersion in HCl to eliminate the Al2O3, (iii) transfer 
printing of wax-encapsulated 3D mesostructure onto a target substrate (grey) coated with an 




Figure 3.4. 3D electronic scaffolds for engineered DRG neural networks. 
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Figure 3.4. (cont’d) (A) Schematic illustration of rat dorsal root ganglia (DRG) and the cell 
populations within them, as cultured on 3D mesostructures. (B) Confocal fluorescence 
micrographs immunostained with antiMAP2 (neurons, red), and antiGFAP (glia, green) and 
corresponding phase contrast micrographs of DRG cells cultured on a 3D bilayer cage on a glass 
slide. (C) Schematic illustrate of the setup for gradient light interference microscopy (GLIM) 
imaging. “P” stands for polarizer and “NP” stands for nomarski prism. (D) In-situ observation of 
the migration of a DRG cell on a 3D ribbon. (E) Amira 3D rendering of inter-ribbon DRG cell 
formations observed via GLIM. (F) Schematic illustration and optical image of a 3D cage with 
eight integrated and separately addressable electrodes for stimulation and recording. Insets: 
schematic illustration and SEM image of a representative electrode. (G) Impedance and phase 
measurements of these electrodes evaluated in cell culture medium. (H) Ferrocenecarboxylic 
acid oxidation test of the electrodes before and after protein treatment. (I) Extracellular action 
potential stimulation and recording of DRG neurons on 3D electrodes: data collected from one 
3D electrode before (top left) and after electrical stimulation (bottom left), and magnified view 









Figure 3.6. DRG cells cultured on freestanding 3D mesostructures. a, SEM image (colorized) 
of a freestanding bilayer nested cage (top); fluorescence micrographs of DRG cells cultured on 
the scaffold (middle) and a close-up ofcell-scaffold geometry interaction (bottom). b, SEM 
image (colorized) of a freestanding double floor helix (top); fluorescence micrographs of DRG 
cells cultured on the scaffold (middle) and a close-up ofcell-scaffold geometry interaction 
(bottom). c, SEM image (colorized) of a freestanding starfish structure (top); fluorescence 
micrographs of DRG cells cultured on the scaffold (middle) and a close-up ofcell-scaffold 
geometry interaction (bottom). The white dashed lines indicate the contours of the bases. Scale 
bars, 500 μm. 
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Figure 3.7. DRG cells cultured on freestanding 3D double floor helix mesostructure. a, b, 
Confocal fluorescence micrograph of DRG cell culture on a freestanding double floor helix 
showing cell clusters forming at scaffold junctions, and cell extensions/fibers forming as 
shortcuts. c, Confocal fluorescence micrograph focusing on cell terminals projecting out of a cell 
cluster. Scale bar, 50 μm 
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CHAPTER 4: 4D SCAFFOLDS FOR IN VITRO  
NEURAL REGENERATION  
 
Manuscript in preparation 
 
4.1 Introduction 
Previous chapters have described control over cell-scaffold interactions with soft material 
scaffolds (Chapter 2) and increased functionality of scaffolds via hard material mesostructures 
with unique geometries (Chapter 3). For applications aiming to study DRG cells and facilitate 
regeneration of this tissue in vitro or in vivo, however, the increased functionality needs to be 
embedded in the soft materials scaffold.
1
 Many hydrogel systems aiming to control delivery of 
active agents use the incorporation of nanocomposite components as vehicles for delivery.
2
 An 
important class of nanocomposites is that of silicate nanoclay inorganics loaded into hydrogel 
matrices.
3,4
 A prominent example is laponite XLG (LAP), a clay nanodisc, which has been used 
in 4D printing applications both for the rheological properties it imparts, as well as its inherent 
biocompatibility and use in a wide range of biological systems.
3 
In the sections that follow, we explore the effects the incorporation of LAP into HEMA-
based inks has on DRG cell interaction with the scaffold. Hydrogel systems that incorporate this 
additive are shown to be highly cellular compliant, conferring robust cellular attachment to DIW 
filamentous scaffolds even in the absence of a protein treatment. We analyze the selective 
cellular attachment and motility conferred by the presence of LAP within these scaffolds. We 
then use insights from the surface chemistry and geometries previously explored to engineer a 
scaffold that induces a reorganization of cells in culture mimicking that of nerve tissue.  With 
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these results, we confirm these scaffolds as temporally dynamic, 4D-printed structures via which 
cellular behavioral outcomes can be programmed at the point of printing. 
 
4.2 Experimental Section 
4.2.1 Reagent List 
Commercially available chemical reagents and abbreviations used in the following 
experiments are as follows and are used as received without modification unless specified. 2-
Hydroxyethyl methacrylate monomer (HEMA, 99%, containing 50 ppm monomethyl ether 
hydroquinone as inhibitor); poly(2-hydroxyethyl) methacrylate (pHEMA-300, average 300 kDa 
powder); poly(2-hydroxyethyl) methacrylate (pHEMA-1000, average 1,000 kDa powder); 
radical initiators 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure, IRG, 98%); 
organic cross-linker ethylene glycol dimethacrylate (EGDMA, 98%, contains 90-110 ppm 
monomethyl ether hydroquinone as inhibitor) is filtered with a pre-packed column for removing 
hydroquinone and monomethyl ether hydroquinone and stored away from light at 2-5°C prior to 
use; dimethyl sulfoxide (DMSO); trimethoxysilyl propyl(methacrylate); poly-D-lysine 
hydrobromide (PDL, 30-70 kDa); Cytosine α-ᴅ-arabinofuranoside (AraC); sodium 
pyrophosphate (PyrPh), are purchased from Sigma Aldrich. N-Succinimidyl 3-[2-pyridyldithio]-
propionate (SPDP) was purchased from ProteoChem, cyc (RGDyC) was purchased from 
Peptides International; desalting columns were purchased from Fischer Scientific.  Phosphate 
buffered saline, trypsin-EDTA, Penicillin-Streptomycin (Pen/Strep), NGF 2.5S Native Mouse 
Protein, Hank's Balanced Salt Solution (HBSS), Neurobasal-A Medium, B-27 serum free 
supplement, GlutaMAX, were purchased from Life Technologies. Type 2 Collagenase was 
purchased from Worthington Biochemical, human BDNF was purchased from ProSpec. Ethanol 
95 
 
(EtOH) is purchased from the University of Illinois storeroom. Laponite XLG clay is obtained 
from BYK Additives. 
DRG media used for adult rat DRG cell culture consists of Neurobasal A supplemented 
with 2% B-27 serum free supplement, 0.25% GlutaMAX, 1% Penicillin/Streptomycin, 0.05% 
murine neural growth factor (NGF), and 0.05% human brain-derived neurotrophic factor 
(BDNF). Cytosine arabinoside (AraC) is added up to a final concentration of 0.3 µM for glial 
proliferation inhibition.  
Water used in all experiments is purified using a Milli-Q water purification system 
(Millipore, Bedford, MA) with resistivity higher than 18MΩ·cm. High precision circular 1.5H 
coverslips from borosilicate glass are purchased from Zeiss Microscopy. 
 
4.2.2 Ink and Film Preparation 
The LH ink and film compositions are as follows: 3.5% HEMA, 9% LAP, 0.2% PyrPh, 
12% DMSO, 0.5% Irg, 1% EGDMA, 73.8% dH2O. All % are w/w. The components are hand-
mixed and then homogenized using a Thinky Mixer (ARE-310, Thinky) in a closed container at 
2000 rpm for 1– 5 min followed by 2200 rpm for 30-60 s. pHH inks are prepared and stored 
away from light and at cool temperatures for 1 year or until they are fully used. LH inks are 
prepared and allowed to sit for 1-3 h prior to printing to allow to rheological stabilization, but are 
not used after 36 h following LAP suspension due to LAP ageing that affected ink properties. 
 
4.2.3. DIW Micropattern Fabrication 
Prepared inks are loaded into syringes and mounted in an Aerotech AGS-1000 high 
precision custom gantry with an A3200 integrated automation motion system. G-Code 
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programming language is used for generating grid scaffold patterns as well as the micro-loop 
scaffold array. Code for print paths and the hybrid tooth scaffold design is generated using CAD-
Fusion, AutoDesk Inventor, Fusion 360, MeshMixer, and AutoCAD. An Ultimus V High 
Precision dispenser (Nordson EFD) is used for positive-pressure controlled printing in 
combination with 3cc amber light block or clear syringe barrels and 30μm pre-pulled glass 
pipette tip print-heads (World Precision Instruments Inc.), or metal barrel luer-lock print-heads at 
80 μm (Techcon), 100 μm, or 120 μm diameters (Nordson EFD). An IDS USB 3.0 C-Mount 
Camera with a color CMOS sensor with a 1.5x Navitar Attachment Lens and a 2.0x Precise Eye 
Navitar Adaptor Lens (1stVision Inc.) is mounted to the axial stage. Structures are printed on 
trimethoxysilyl propylmethacrylate-treated high precision coverslips and cured for 1-2 h for pHH 
compositions, 15-20 min. A broad spectrum UV light is used to cure structures. If a protein 
treatment is applied, a solution of 0.1 mg/mL RGD-PDL in PBS is added to scaffolds or films for 
at least 30min of incubation, then rinsed with HBSS immediately prior to addition of cell 
suspension solution. 
 
4.2.4 Surface Treatment 
To prepare RGD- PDL, a solution of PDL (2 mg/mL) in HEPES buffer is reacted with 
solutions of SPDP in DMSO (50 μM, 30 min, RT). The reaction mixtures are filtered through 
spin desalting columns, then subjected to solutions of cyc(RGDyC) (50 μM) and stirred at 4°C 
overnight. The products are purified by filtration through spin desalting columns. The process 





4.2.5 Adult Rat DRG Isolation  
All work with live animals is performed in full compliance with local and federal 
guidelines for the humane care and treatment of animals and in accordance with approved by the 
University of Illinois at Urbana-Champaign IACUC animal use protocol. Sprague-Dawley male 
rats are quickly decapitated using a sharp guillotine. Spine vertebrae are surgically cut on both 
side between pedicle and lamina in the area of the facet of superior articular process. This cut 
exposed the spinal cord which is removed. Additional cuts on sides and in the middle of the 
ventral portion of the vertebral column created two chains of vertebra pieces with easily 
visualized DRGs. DRGs are removed using fine forceps and placed into the Hibernate A (Life 
Technologies) solution located on ice. 
 
4.2.6 Primary Adult Rat DRG Dissociation and Seeding   
Approximately 20 lumbar and thoracic DRGs from an adult rat were collected and stored 
in Hibernate A up to 2 days before seeding. The Hibernate media was then removed. The DRGs 
were treated with 0.25% collagenase in DRG physiological media for 1.5 h at 37 ˚C, shaken a 
few times during incubation and strongly upon completion of the incubation period. The DRGs 
were centrifuged (200 x g) for 2-3 min to remove supernatant, and washed with HBSS. After 
another centrifugation, the HBSS was mostly removed and the DRG were incubated in 0.25% 
trypsin with EDTA for 15 mins at 37˚C. The DRGs were centrifuged to remove supernatant, re-
suspended in DRG media + 1% FBS for 50 s to inactivate trypsin, and triturated. After 2 min, 
once some of the pellet re-settled, the supernatant was collected and centrifuged for 5 min at 200 
x g. The resulting pellet was washed with HBSS and centrifuged to remove supernatant. Pelleted 
cells were re-suspended in the desired amount of DRG media containing the glial inhibitor AraC, 
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usually 1 mL per 10 original DRGs. After cell seeding, the scaffolds were incubated for 10 min 
at 37 ˚C to allow for cell attachment before an additional 2 mL per Petri dish (3 mm in diameter) 
of DRG media is added. The media is changed every 7 days. The concentration of AraC in the 
DRG media is kept at 0.3 µM from the moment of cell seeding until the end of the culture. 
 
4.2.7 Immunocytochemistry–Neuronal extensions (MAP2)/Glia (GFAP) Staining  
After 7 d in culture, neurons are rinsed 3 times with PBS (37°C), immersed in 4% 
paraformaldehyde (37°C) at ambient temperature (23-25°C) for 20 min and then rinsed again 
with PBS, five times (last time for 5 min on a shaking board ). A PBS solution containing 0.25% 
Triton X-100 is added to the samples for 10 min to permeabilize cellular membranes, before 
rinsing again with PBS five times. The samples are incubated in a 5% NGS (Normal Goat 
Serum) for 30 min before rinsing again with PBS five times. The samples are then exposed to 
primary rabbit anti-MAP2 antibody at a 1:1,000 dilution at 4ºC overnight and then rinsed five 
times with PBS. Next, the samples are exposed to primary chicken anti-GFAP (1:1,000 dilution) 
antibody at room temp for 1 h and then rinsed five times with PBS. Secondary Alexa 594 anti-
rabbit and Alexa 488 anti-chicken IgG antibodies (1:200) are added to the samples, which are 
allowed to incubate for 1 h (23-25°C). The samples are then rinsed with PBS five times. The 
samples are covered with 2-3 drops of antifade mounting media and a coverslip is set on top of 
the mounted sample.  
 
4.2.8 Confocal Fluorescence Imaging  
All fixed scaffolds are visualized using the Zeiss LSM7 Live CFM. 10x EC Plan-
Neofluar NA 0.3 and 20x objective lenses are used to image large scaffold volumes and required 
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no immersion medium. A 40x NA 1.4 objective lens is used for cell structural analysis and 
alignment analysis, and a 100x Plan Apochromat NA 1.4 objective lens is used to image 
individual morphologies of gap spanning cellular structures. Both lenses used Zeiss Immersol 
518 immersion medium with refractive index n=1.518 at 23°C. Pinhole diameters for all images 
ranged from 1-2 AU and followed Nyquist sampling rules. An NFT 490 beam splitter, BP 495-
520+BP550-615 IR filter and BP 415-480 filter are used to collect multi-channel fluorescence 
data from 405, 488 and 594 nm laser excitation. 
 
4.2.9 Electrophysiological Recordings  
The health of the neurons cultured on the microscaffolds is electrophysiologically 
determined in current clamp mode. Intracellular recordings and stimulations are made using 
glass microelectrodes (10–15 MΩ) pulled from 1-mm in outer diameter borosilicate glass 
capillaries (WPI, Sarasota, FL, USA) and filled with solution containing 506.2 mM of KCl and 5 
mM HEPES with pH 7.6 adjusted by KOH. Signals are amplified with anAxoClamp 2B 
amplifier (Molecular Devices, Sunnyvale, CA, USA), digitized at 2–10 kHz, and monitored 
using aDigidata® 1322A D/A–A/D converter and software package pClamp 9 (both from 
Molecular Devices). All studied neurons exhibited action potentials ranging in amplitude 
between 6 and 75 mV. 
 
4.2.10 Imaging 
All light microscopy imaging of the primary adult rat dorsal root ganglia cells was 
performed on Zeiss Axiovert 25 inverted microscope, with a phase contrast filter (Ph 1-0,4). Fiji 
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image analysis software with the MTrackJ plug-in was used for the cell tracking and other types 
of analysis. 
 
4.3 Results and Discussion 
4.3.1 3D Printable Protein Treatment-free Cell Growth Compliance  
While our initial studies of HEMA-based hydrogel compositions revolve around protein 
treatment and the incorporation of said treatment into ink recipes, the viscosifying agent, 
pHEMA, used in our original 3D printable ink preparation is one that performs best with smaller 
printhead diameters (≤30 μm) but does not yield macro-scale 3D scaffolds due to its relatively 
viscous behavior and poor z-shape retention post printing. The absence of 3D form factors that 
are accessible with these compositions ultimately limits their applications in biomedical device 
engineering. In order to broaden the possible printed geometries that are accessible using a 
HEMA-based hydrogel system, we turn to an inorganic nanocrystalline material, Laponite XLG 
(LAP; Na
+0.7
 [(Si8 Mg5.5 Li0.3) O20(OH)4] 
-0.7
) that is able to provide a thixotropic foundation for 
printing micro-scaffolds that are volumetrically 3D.  
LAP was incorporated into a HEMA-based composition along with a small amount of 
sodium pyrophosphate (PyrPh) into the LH ink composition to prevent jamming during printing. 
These printing capabilities are illustrated in Figure 4.1 (left), where the buildability of the LH 
ink is showcased by two structures with geometries that rely heavily on the ink’s ability to retain 
its shape as subsequent layers are deposited on top of the first one. These scaffolds can often 
reach 5 mm in height, which can prove particularly useful in applications focusing on directing 
tissue development in 3D. In comparison, the 3D structures printed with the pHH ink we 
explored in previous chapters (Figure 4.1, right) 
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The biocompliance of the resulting ink was evaluated first in LH films. Adult rat DRGs 
were dissociated and DRG cell suspensions were seeded on LH films that were either pretreated 
with a solution of PDL or RGD-PDL, or simply hydrated in buffer, as the no-treatment control. 
Figure 4.2 shows that LAP confers innate cell growth compliance to HEMA-based gel matrices, 
which enables the capacity for protein-free cell attachment and growth. Even though the cell 
attachment and terminal extensions lag behind those on protein-treated surfaces, the 
biocompliance of LH films far exceeds that of our previously explored system, pHH (Chapter 2, 
Figure 2.2). Having an inherently biocompliant material has great potential in tissue engineering 
applications, as it simplifies any system that requires a gradient of cell growth compliance. 
 
4.3.2 DRG Cell Response to LH DIW Microscaffolds 
We next explored the properties LAP imparts to DIW filamentous microscaffolds. We 
first printed linear filamentous patterns (Figure 4.3) and treated the scaffolds with RGD-PDL. 
We noted robust on-filament cell growth (Fig. 4.3, left) along with extensive cell attachment and 
network development on the substrate (both in the case of glass and pHH thin film substrates). 
By day 14 in culture, the high density of attached cells and the degree of cell networking lead to 
the formation of scaffold-independent tissue-like constructs, such as the inter-filament cellular 
structure presented in the fluorescence micrograph in Figure 4.3 (right). The structure seems to 
be bridging 3 filaments, with portions that are both scaffold- and substrate-independent. This 
degree of independence and cell reorganization is unprecedented on soft scaffolds, with the cell 
response being more similar to those seen on the compressively buckled scaffolds studied in 
Chapter 3 of this thesis.  
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Interesting cellular responses were observed when scaffold patterns with 90° angles were 
printed with LH ink on glass and cultured after hydration with PBS buffer. The lack of surface 
treatment causes cells to migrate towards the scaffold (Figure 4.4, left), followed by a phase of 
robust on-scaffold only growth and network development (Figure 4.4, center). Lastly, cells 
appear to be exhibiting the same “short-cutting” behavior (Figure 4.4, right) as observed on the 
compressively buckled scaffolds presented and discussed in Chapter 3. These phases, while 
consecutive, do not follow specific culture duration or timing criteria, as they can happen sooner 
or later, partially depending on the local cell density on those parts of the scaffold.  
 
 
4.3.3 Scaffold Geometries Leading to Nerve-Like Cellular Structures 
Taking into consideration the insights from Chapter 3 regarding scaffold geometries that 
yield scaffold-independent DRG cell structures, as well as the observations in the previous 
section regarding the cell response to protein treatment-free LH microscaffolds, a couple of 
geometries were generated with the purpose of encouraging a succession of “short-cuts” that can 
potentially consolidate into a longer, scaffold-independent, nerve-like tissue construct. The two 
geometries envisioned are presented in the schematic in Figure 4.5a (top left) and consist of 
filamentous microscaffolds with either a succession of 90° angles or a sinusoidal pattern of a 
total length of 5 mm, flanked by quadrants in which more cells can be deposited upon seeding. 
The scaffolds were hydrated in PBS and then seeded with DRG cell suspension. The phases of 
cell-scaffold interaction described in the previous section can be observed here as well – 
migration of cells towards scaffold, on-scaffold growth, consolidation. By day 11 in culture, the 
DRG cells have already reorganized in a structure that spans the gap between adjacent loops of 
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the sinusoidal scaffold (Figure 4.5a, bottom). A higher magnification focus on the point of 
detachment from the scaffold (Figure 4.5a, top right) reveals cellular organization details. 
Neighboring clusters are connected by a (not yet consolidated) bundle of neurites and Schwann 
cells. This experiment was replicated multiple times in both sinusoidal and zig-zag scaffolds, 
with structures often reaching lengths ranging between 600 µm – 1mm. The curvature of the 
sinusoidal scaffolds seemed to speed up the consolidation, as compared to the zig-zag scaffolds. 
To test whether the neurons in these structures are viable and healthy, we used 
intracellular electrophysiological measurements to record action potentials from neurons in the 
clusters attached to these structures. The plasma membrane was pierced with a microelectrode 
and action potentials were measured upon successive cell depolarization/hyperpolarization 
cycles. Recordings from 10 cells located in three different clusters were measured, with action 
potentials ranging from 6 to 75 mV. It is likely the lower values are caused by imperfect contact 
between the glass microelectrode and the cell membrane, leading to current leakage. A majority 
of the signals recorded are consistent with the 50-100 mV commonly reported values recorded 
intracellularly for DRG neurons.
5,6
 Figure 4.5b shows a representative profile for one of the cells 
and the magnified view of one of the action potentials. 
 
4.3.4 LAP as Reservoir: Controlled Release of Bioactive Molecules 
While the robust cell growth compliance conferred by LAP is most likely due, in part, to 
the partial charges carried on the LAP nanodiscs surfaces, an increasing number of studies cite 
its ability to function as a reservoir for molecular loads 
7-11
. This attribute can explain the innate 
biocompatibility, as well as present an opportunity to direct cell fate via controlled release of 
bioactive molecules, a feature of great interest in developing 4D scaffolds. 
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To better understand and characterize this feature in the context of the LH ink, we 
conducted an initial release study using small molecular loads. Due to LAP’s charged surface, 
we chose the negatively charged Trypan blue, and the positively charged methylene blue, as they 
were likely to yield different profiles. Figure 4.6 shows the 7-day release profiles of these two 
molecules from LH cast disks. Trypan blue gradually gets released over 7 days, whereas 
methylene blue sees very little release (Figure 4.6, left). An incremental release profile, showing 
absorbance values at every time point, highlights an initial burst of Trypan blue release, followed 
by a gradual decrease of released load until a plateau is reached. Methylene blue release, 
however, exhibits only close to baseline absorbance values throughout the experiment. Figure 
4.6 (right) shows an image of the LH disks at the end of the experiment, offering a qualitative 
image of the conclusions of these findings. 
As most biomolecules used in the DRG media are basic, hence positively charged in cell 
culture conditions, we suspected a release profile close to that of methylene blue, although the 
molecular size of these growth factors is also a factor to take into consideration. We chose to 
preload brain-derived neurotrophic factor (BDNF), commonly added in DRG culture media, into 
LH films that were then used for cell culture in BDNF-free media. Figure 4.7 shows the 
qualitative results of this experiment.  The conditions compared are: control, where all the BDNF 
(50 ng/mL) comes from the cell culture media; no BDNF, in LH or media (negative control); LH 
preloaded with the same amount of BDNF as present in media, no BDNF supplied in culture 
media; and, finally, LH preloaded with 4x the amount of BDNF present in media, no BDNF 
supplied in culture media. With every cell media refreshment (every 3-4 days), the control gets a 
refreshment of BDNF, while the rest of the conditions do not. The cell growth and network 
development responses show that 1x loading of BDNF in LH films has virtually the same effect 
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as no BDNF, whereas 4x BDNF has comparable effects to the control, with even more uniformly 
spread out cell networks.  
While quantitative release profiles for BDNF and other bioactive molecules still need to 
be characterized, these initial findings promise potential in applying the reservoir properties of 
LH in 4D scaffolds that can direct cell growth based on precisely placed concentration gradients 
of embedded biomolecules. 
 
4.4 Summary and Future Work 
In this chapter, we have shown that carefully designed LH scaffolds can encourage the 
formation of long, scaffold-independent, nerve-like tissue constructs, and that the timing of this 
consolidation can be dictated by scaffold geometries. The neurons in these constructs are alive 
and functional, as shown by electrophysiological measurements of action potentials. 
A key limitation that presented itself, however, was that the constructs, once independent 
enough, detached themselves from the scaffolds before a consolidation spanning the entire 
scaffold could occur. This also limited any post measurement fixation and ICC staining that 
could give further insight into the cell type-based hierarchy within these constructs. 
A way to circumvent that and to add complexity to this design is to print the sinusoidal 
conduit from a hydrolysable LH variant that degrades as these shortcuts form (scheme in Figure 
4.8, left). Concerted with a consolidation of the quadrants at the ends of the conduit (which will 
still be printed with LH, perhaps infilled for more surface contact with cells), this could lead to a 
single, consolidated, nerve-like construct suspended between the two quadrants. The synthesis of 
a hydrolysable crosslinker compatible with HEMA is already well underway. The structure was 





 The compatibility with the LH ink will have to be tested, and its degradation 
profile characterized. The cytotoxicity of the degradation products will also be evaluated.  
Finalizing the efforts of turning this into a 3D structure with these controllable cell 
responses – a true 4D scaffold – can be achieved by changing the geometry. A multi-layer 
scaffold may have more favorable degradation rates and lead to the formation of bigger nerve-
like tissue constructs, closer to the size of that present in vivo. Finally, characterizing and 
exploiting the controlled release attributes of LAP can lead to scaffolds that direct neurite 
outgrowth via the conduit, while the cell bodies are seeded only on the flanking quadrants.  
With these next few steps, this system can provide great insights into regenerating nerve 




    
Figure 4.1. Buildability of LH vs. pHH inks.  
Light images of LH (left panels) and pHH (right panels) 3D printed structures. 
 
  
Figure 4.2. Innate growth compliance of LH films. Phase contrast inverted microscope 
images of DRG cells on LH films with different surface treatments after 6 (top) and 21 






Figure 4.3. Robust on-filament and inter-filament networking of DRG cells on RGD-PDL 
treated LH Microscaffolds. Phase contrast inverted microscope image of DRG cells on LH 
microcaffold filament (left), focused on the filament plane at day 7 in culture. Confocal 
fluorescence micrograph of DRG cells on LH microscaffolds (right) with an inset focusing on 
the suspended tissue construct connecting to the scaffold filament at day 14 in culture. Staining: 









   
 
Figure 4.4. DRG cell response to non-treated LH Microscaffolds. Phase contrast inverted 
microscope image of DRG cells migrating towards the LH filament (left), growing selectively on 











          
 
Figure 4.5. LH Scaffolds for the formation of nerve-like cellular structures. (a) Top left: 
schematic of scaffolds: the black contour represents the LH filament. The space in between 
represents the glass substrate. Bottom: phase contrast image of DRG cells cultured on a 
treatment-free LH scaffold, 11 days after seeding. The culture has already consolidated into a 
nerve-like tissue construct that shortcuts one of the loops of the scaffold. Top right: expansion of 
the contact between the structure and the scaffold, at the point where it becomes scaffold 
independent. (b) Electyrophysiological profile of a representative cell in the nerve-like structure. 







Figure 4.6. Release profiles of charged small molecules. Release profiles of charged small 
molecules from LH disks. Left: total release profiles. Center: incremental release profiles, 
showing the initial burst of release in the case of Trypan Blue.  Right: LH disks after 2 weeks of 






Figure 4.7. DRG cell response to BDNF-loaded LH films. Phase contrast images of DRG cells 
on LH films cultured in different conditions: control (no preload in LH, BDNF in media), no 
BDNF (neither in LH or media), preloaded LH with BDNF(1x = 50 ng/mL, no BDNF in media), 









             
 
Figure 4.8. Scheme of degradable scaffold (left) and structure of hydrolysable crosslinker to be 
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APPENDIX A: SUPPORTING INFORMATION FOR 3D-PRINTED PHEMA 
MATERIALS FOR TOPOGRAPHICAL AND BIOCHEMICAL MODULATION OF 
DORSAL ROOT GANGLION CELL RESPONSE 
A.1 Supplemental Methods 
Reagent List. Poly-ᴅ-lysine (PDL, hydrobromide, Mw 30,000-70,000), Bright-Line™ 
Hemocytometer, Cytosine α-ᴅ-arabinofuranoside (AraC), 2-Hydroxyethyl methacrylate 
monomer (HEMA, 99%, containing 50 ppm monomethyl ether hydroquinone as inhibitor), 
poly(2-hydroxyethyl) methacrylate (pHEMA, average Mv 1,000,000, powder); and the radical 
initiator 2,2-Dimethoxy-2-phenylacetophenone (DMPA, 99%), and Bovine Serum Albumin 
(BSA, powder) were purchased from Sigma-Aldrich. Organic cross-linker ethylene glycol 
dimethacrylate (EGDMA, 98%, containing 90-110 ppm monomethyl ether hydroquinone as 
inhibitor) was purchased from Sigma-Aldrich; the inhibitor was removed with a pre-packed 
column for removing hydroquinone and monomethyl ether hydroquinone (Sigma-Aldrich) and 
stored away from light at 2-5 °C prior to use. N-Succinimidyl 3-[2-pyridyldithio]-propionate 
(SPDP) was purchased from ProteoChem, cyc (RGDyC) was purchased from Peptides 
International, Ac - GCGYGRGDSPG - NH2 was purchased from AnaSpec, desalting columns 
were purchased from Fischer Scientific. Embryonic murine fibroblasts (NIH/3T3, CRL-1658) 
and Dulbecco’s Modified Eagle’s Medium (DMEM) were purchased from ATCC. Trypan Blue 
solution, phosphate buffered saline, trypsin-EDTA, Penicillin-Streptomycin (Pen/Strep), NGF 
2.5S Native Mouse Protein, Hank's Balanced Salt Solution (HBSS), Neurobasal-A Medium, B-
27 serum free supplement, GlutaMAX, 1% Triton X-100 solution, Rhodamine-Phalloidin (R-P) 
fluorophore, Prolong Gold antifade agent were purchased from Life Technologies, cell culture 
grade Dimethyl Sulfoxide (DMSO) and Paraformaldehyde solution were purchased from Santa 
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Cruz Biotechnology, Type 2 Collagenase was purchased from Worthington Biochemical, human 
BDNF was purchased from ProSpec, chicken polyclonal anti-GFAP antibody was purchased 
from Abcam. 4,6-Diamidino-2-phenylindole dihydrochloride (DAPI) was purchased from 
Polysciences Inc. Water used in all experiments was purified using a Milli-Q water purification 
system (Millipore, Bedford, MA) with resistivity higher than 18MΩ·cm.  HEPES buffer was 
prepared in house and consists of 20 mM HEPES, 115 mM NaCl, 1.2 mM CaCl2, 1.2 mM 
MgCl2, and 2.4 mM K2HPO4 in Milli-Q water. The pH was adjusted to 7.4 using HCl or NaOH. 
Buffer was stored in the fridge until use and for no longer than 6 weeks. DRG media used for 
adult rat DRG cell culture consists of Neurobasal A supplemented with 2% B-27 serum free 
supplement, 0.25% GlutaMAX, 1% Penicillin/Streptomycin, 0.05% murine neural growth factor 
(NGF), and 0.05% human brain-derived neurotrophic factor (BDNF). Cytosine arabinoside 
(AraC) is added up to a final concentration of 0.3 µM for glial proliferation inhibition. 
 
Quantification of PDL Modifications. A trypan blue assay was previously documented as a 
method for quantifying poly-lysine concentrations.
1
 Trypan blue is a highly negatively charged 
dye which interacts with the cationic PDL to form quantitative precipitation. It has a maximum 
absorption at 580 nm, so precipitation causes a decrease in signal in that region proportional to 
the amount of PDL in solution. As the poly-lysine used in that study had a different molecular 
weight range (15-30 kDa) than the PDL used in our studies (30-70 kDa), a new calibration curve 
had to be determined (Fig. A.1.). 
Coupled with the specific absorption of the byproduct, pyridine-2-thione, released in 
stoichiometric amounts with the degree of RGD crosslinked to PDL, this method allowed the 
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 is the molar 
extinction coefficient for pyridine-2-thione at 343 nm. Typical spectra of RGD-PDL types 1-4 
and of a set of control reactions lacking SPDP to test whether the peptides are covalently 
attaching or just aggregating with the protein was run, are shown in Fig. A.2.. 
 
Fabrication of pHEMA Films. The pHEMA solution formulation is 5.7 wt% pHEMA (300,000 
Mw), 2.2 wt% pHEMA (1,000,000 Mw), 8.8 wt% HEMA, 5.4 wt% H2O, 0.4 wt% EGDMA, 0.2 
wt% DMPA, 38.5 wt% ethylene glycol, and 38.5 wt% ethanol.  25 mm diameter round 1.5H 
high precision glass coverslips (Azer Scientific) were cleaned with ethanol and dried under 
flowing nitrogen. The slides were then spin coated with the ink at 900 rpm for 90s x 3. The 
coated slides were then exposed to UV light (OmniCure S2000, Exfo) for ~3.5 h. The sterilized 
slides were then either used immediately, or stored in a sterile laminar flow hood until use. 
 
Preparation of pHH (pHEMA) ink.  The standard ink formulation is 25 wt% pHEMA (300,000 
Mw), 10 wt% pHEMA (1,000,000 Mw), 40 wt% HEMA, 23.5 wt% H2O, 1 wt% EGDMA, and 
0.5 wt% DMPA. MilliQ water, HEMA, EGDMA, and DMPA are combined and stirred until the 
DMPA dissolves.  The pHEMA is added and the mixture is stirred for 1-2 weeks until a 
homogenous solution forms.  Manual mechanical agitation is found to be an effective way to 
accelerate the homogenization process.  For inks that contain RGD-PDL, 0.5 mL of 1.4 mg/mL 
of the modified peptide solution is added to 3.4 g pHEMA/HEMA (pHH) ink such that the final 
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aqueous weight fraction was 35%.  This is then homogenized, yielding a printable ink with 
moderately lower viscosity. 
 
Micro-pattern and 3D Scaffold Fabrication. G-Code programming language was used for 
generating diverse scaffold patterns. Aluminum plates manufactured at the Physics-MRL 
Machine Shop were mounted onto the axial stage, and a TangoGray FLX950 rubber syringe 
spacer/adaptor was printed at the MechSE Rapid Prototype Lab on the Eden 350 (Objet 
Geometries, Ltd.) for axially-mounting syringe barrels.  An Ultimus V High Precision dispenser 
(Nordson EFD) was used for positive-pressure controlled printing. For pHEMA/HEMA gel 
printing, generally a 30 µm pre-pulled glass pipette tip print-head (World Precision Instruments 
Inc.) that had been sputter-coated to opacity with Au/Pd to prevent ink drying at the orienting tip 
was used, in combination with 3cc amber light block syringe barrels. Relative printing pressure 
and print speed were adjusted for microscopic differences in printheads and for ink viscosity 
differences such that scaffold filament spacing and feature resolution was preserved. An IDS 
USB 3.0 C-Mount Camera with a color CMOS sensor was mounted with a 1.5× Navitar 
Attachment Lens and a 2.0× Precise Eye Navitar Adaptor Lens (1stVision Inc.) for high 
magnification imaging of scaffold. The camera was mounted to the axial stage with a 10.9” 
holding arm (Noga) to allow for synchronous motion of the camera and the printhead. Ambient 





NIH/3T3 Fibroblasts Seeding and Culture.  Cells are grown in a humidified incubator at 37 ºC 
with 5% CO2. At 60-80% confluence, fibroblasts were incubated with 3 mL Trypsin (Life 
Technologies) for 12 min to achieve complete cell detachment. Resulting solutions were 
neutralized with 4 mL of complete media and flasks were rinsed with 3 mL Dulbecco’s 
Phosphate Buffered Saline to completely transfer cells prior to centrifugation. Cells were 
pelleted from solution and re-suspended in complete medium prior to scaffold seeding.  
Hydrogel scaffolds were rinsed with EtOH then sealed onto a petri dish with a circumferential 
thermal adhesive ring. These assemblies are sterilized prior to cell plating, through 300 Watt UV 
light exposure in the laminar flow hood for 30 min.  Scaffolds are immersed in a 100 µg/ml PDL 
or RGD-modified PDL solution for 60 min prior to seeding. Cells are plated onto the scaffolds at 
approximately 0.5×10
6
 cells/ml and allowed to proliferate for approximately 48 h. 
 
NIH/3T3 Fibroblasts Fluorescence Imaging – Actin/Nuclei Staining.  After 2 d in culture, 
NIH/3T3 fibroblasts are rinsed 3x with PBS, immersed in 4% paraformaldehyde at ambient 
conditions (23-25 °C) for 10 min and then rinsed again with PBS.  A PBS/0.25% Triton X-100 is 
placed on the cells for 3 min to permeate their membranes and then the samples are rinsed again 
with PBS.  The cells are incubated in 1% bovine serum albumin (BSA, Sigma Aldrich) in PBS 
for 10 min to reduce non-specific binding of fluorescent stains.  The cells are then incubated for 
20 min in a rhodamine-phalloidin (Invitrogen Molecular Probes) solution diluted 1:200 in 1% 
BSA solution, and again rinsed with PBS.  Finally, the samples are incubated with 0.002% DAPI 
in PBS (4', 6-diamidino-2-phenylindole, Invitrogen Molecular Probes) for 1 min and rinsed with 
milliQ water.  To prepare for imaging, thermal adhesive rings were removed from scaffolds, 
permitting separation of the scaffolds from the petri dish, and portions of the samples which were 
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not targeted by imaging were wiped with EtOH. Fluoro-gel (EMS Acquisition Corp.) liquid 
mounting medium was applied to the scaffolds to prevent photo-bleaching and to protect the 
integrity of scaffold filaments. 25 mm diameter, round, 1.5H high precision coverslips (Azer 
Scientific) were then placed over the mounting medium. Samples were stored away from light at 
4°C until immediately prior to imaging. 
 
Fiji Quantification of NIH/3T3 Fibroblast Response to RGD-PDL Surface Treatments.  The 
custom Fiji (ImageJ2) software package was used for semi-automated cell counting. To assist 
with quantification, the blue (DAPI) channel of the fluorescence images of each surface 
treatment and control was used. Briefly, an intensity threshold that allowed visibility of all cell 
nuclei was set to select cells and the ‘analyze’ particle tool was used with default selection of 
object size and shape during counting.  To account for the lack of uniformity of cell growth on 
scaffolds, six 1.6 mm × 1.6 mm tiles within each culture condition studied were selected for 
manual cell counts using the polygon selection tool. 
Adult Rat DRG Isolation.  All work with live animals was performed in full compliance with 
local and federal guidelines for the humane care and treatment of animals and in accordance with 
approved by the University of Illinois at Urbana-Champaign IACUC animal use protocol. Adult 
Sprague-Dawley male rats were quickly decapitated using a sharp guillotine. Spine vertebrae 
were surgically cut on both side between pedicle and lamina in the area of the facet of superior 
articular process. This cut exposed the spinal cord which was removed. Additional cuts on sides 
and in the middle of the ventral portion of the vertebral column created two chains of vertebra 
pieces with easily visualized DRGs. DRGs were removed using fine forceps and placed into the 
Hibernate A solution (Life Technologies) located on ice. 
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MATLAB Quantification of Cell Network Development on Scaffolds.  DRG cell culture growth 
and surface coverage on substrates and scaffolds were quantified in MATLAB post micrograph 
processing and analysis conducted in Fiji (ImageJ2).  Digital masks were applied to the raw 
DRG cell culture images to separate the scaffold filament areas and the substrate surface areas.  
Resulting images were converted to 8bit grayscale and the contrast and brightness were adjusted, 
including background subtraction, for each image such that neuronal outgrowth was defined by 
black pixels and non-neuronal growth was defined by white and gray pixels.  Images were 
imported as matrices into MatLab software and the pixel counts were summed in each case.  The 
black pixel counts of masked adjusted neuron images were then compared to the pixel counts of 
the image masks only to calculate the fractional surface area coverage on both scaffold surfaces 
and substrate surfaces independently.  12-40 individual images were evaluated for each 
experiment data point.  Each image series spanned multiple scaffold geometries (generally 3) and 
multiple separate cultured samples (2-3).  Separate animal experiments with 5-12 technical 
replicates were performed and analyzed for all experimental data points. 
 
Immunocytochemistry–Neuronal extensions (MAP2)/Glia (GFAP)/Nuclei Staining.  After 7 d in 
culture, neurons were rinsed 3 times with PBS (37 °C), immersed in 4% paraformaldehyde (37 
°C) at ambient temperature (23-25 °C) for 20 min and then rinsed again with PBS, five times 
(last time for 5 min on a shaking board ). A PBS solution containing 0.25% Triton X-100 was 
added to the samples for 10 min to permeabilize cellular membranes, before rinsing again with 
PBS five times. The samples were incubated in a 5% NGS (Normal Goat Serum) for 30 min 
before rinsing again with PBS five times. The samples were then exposed to primary rabbit anti-
MAP2 antibody at a 1:1,000 dilution at 4 ºC overnight and then rinsed five times with PBS. 
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Next, the samples were exposed to primary chicken anti-GFAP (1:1,000 dilution) antibody at 
room temp for 1 h and then rinsed five times with PBS. Secondary Alexa 594 anti-rabbit and 
Alexa 488 anti-chicken IgG antibodies (1:200) are added to the samples, which were allowed to 
incubate for 1 h (23-25 °C). The samples were then rinsed with PBS five times. Finally, the 
samples were incubated with 0.002% DAPI in PBS for 1 minute and rinsed with deionized water 
30 s - 1 min. The samples were covered with 2-3 drops of antifade mounting media and a 
coverslip was set on top of the mounted sample. 
 
Confocal Fluorescence Imaging.  Tiled images of the entire scaffold were obtained using the 10× 
objective, which were composed of either 2 × 2 tiles (927 µm × 927 µm) or 4 × 4 tiles (1270 µm 
× 1270 µm), depending on the scaffold architecture.  These 10× magnification images required 
no immersion medium and were taken with an EC Plan-Neofluar NA=0.3. In addition, single-
frame and 2 × 2 tiled images (250 µm × 250 µm) were captured using a 40× objective for data 
analysis.  The 40× magnification images were taken in Zeiss Immersol 518 immersion medium 
with refractive index ne=1.518 at 23°C. Oversampling for all images was at least 2× as dictated 
by Nyquist sampling. Pinhole diameters for all images ranged from 1-2 AU, with most 
measurements performed at approximately 1.6 AU. 20% tile overlap and online stitching 
permitted high resolution large-area imaging of scaffold structures of interest.  Confocal z-stacks 
were reconstructed using ImageJ software. 
 
Quantification of the Association between Neural and Glial Extension Networks.  Representative 
fluorescence micrographs of DRG cultures were selected for a scaffold and substrate region.  
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Volumetric surface rendering of both images was performed on the Zeiss ZEN native software 
with all parameters kept constant except for Threshold values, which were set to the minimum 
value at which no bandpass fluorescence noise was detected.  The resulting image channels were 
combined in MatLab software such that nuclei, high association (green and red channel overlap) 
regions, low association (green or red channel only) regions, and signal-free regions, were 
categorized with specific grayscale values.  Four representative nuclei were selected from high 
association and low association regions for both scaffold and substrate images, and 20-µm plot 
profiles were drawn through the lateral axes of each nucleus.  From fluorescence peaks in plot 
profiles, the degree of association between green glial and red neuronal signals was quantified by 
measuring their respective distance from the nucleus. 
 
Statistical Analyses.  The values of the NIH/3T3 Fibroblast cell densities and DRG cell coverage 
fractions were expressed as Mean ± Standard Deviation (SD). Using OriginPro version 8.6 
(OriginLab Corp., Northampton, MA, USA), an analysis of variance (ANOVA) was performed. 
When appropriate main effects were detected, Tukey's post-hoc (for unequal n) tests were used 
to make pair-wise comparisons (α set to p < 0.05). The Tukey mean comparison tables can be 
found at the end of the Supporting Information file. 
 
Long Term Imaging and Image Analysis with SLIM. Quantitative phase images were acquired 
using a Zeiss Z1 microscope coupled to a SLIM module (CellVista SLIM Pro, PhiOptics Inc.). 
We monitored two volumes of (17.5 mm) × (17.5 mm) × (0.5 mm) over a period of 128.5 h with 
a 10×/0.3 objective. The large volumes were visualized using the TrakEM2 plugin for ImageJ. 
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To characterize mass transport on the 3D scaffolds, we used Dispersion-relation phase 
spectroscopy to obtain spatial scales of the corresponding cell behavior in the form of a spatial 
frequency range (“start, “end” spatial scale), methodology previously reported.
2
  Here the 
diffusion and advection coefficients are understood to be the degrees of passive and active 
transport, respectively. To compare between conditions, we looked at the mass transport along 
the XY, XZ, and YZ planes (also known as “transverse”, “sagittal”, “coronal”) and the radial 
averaged composite. Due to the non-gaussian distribution of diffusion/advection spread 
coefficients, we used the Mann–Whitney U test for statistical significance. It is understood that 
distributions are different when the test scores fall below a 0.05 confidence threshold, with a 













Figure A.1. Trypan blue assay (left) and calibration curve (right).  
















pHEMA + PDL      Glass + PDL 
Figure A.3.  Control Experiments for the Biocompatibility Assessment of RGD-Modified PDL 
Surface Treatments.  CFM Images of NIH/3T3 murine fibroblasts on pHEMA (left, 400× 
magnification) and glass (right, 200× magnification) with PDL as a surface treatment. Actin 
filaments stained with rhodamine-phalloidin (red), nuclei stained with DAPI (blue). Insets: cell 
morphology details. 
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Figure A.4.  Complete Experiment Series Showing Fibroblast Response to RGD-PDL Surface 
Treatments. CFM Images of NIH/3T3 fibroblasts on different surface treatments 24 h after seeding. Actin 






     
 
   
  
Figure A.5.  Evaluation of RGD-Modified PDL Surface Treatment Using DRG Cell Culture. 
Inverted light microscope images of primary rat DRG cells cultured on substrates with different surface 
treatments after ~9 days in culture. The cell terminals are dark and elongated (arrows). Cell bodies 
clustered in yellow/orange/brown formations (orange circles). 
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Figure A.6. Evaluation of RGD-Modified PDL Surface Treatment Using DRG 
Cell Culture. Inverted light microscope images of primary rat DRG cells cultured 
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Figure A.7. Time-Lapse Images of DRG Cells on RGD-Modified PDL-Treated Surfaces. 
Inverted light microscope images of primary rat DRG cells cultured on substrates with different 
surface treatments after 4 days in culture. Scale bar 50 µm. 
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  Figure A.8. Time-Lapse Images of DRG Cells on RGD-Modified PDL-Treated 
Surfaces. Inverted light microscope images of primary rat DRG cells cultured on 
substrates with different surface treatments after 4 days in culture. Scale bar 50 µm. 
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Figure A.9. Time-Lapse Images of DRG Cells on RGD-Modified PDL-Treated Surfaces. Inverted 
light microscope images of primary rat DRG cells cultured on substrates with different surface 
treatments after 10 days in culture. Scale bar 50 µm. 
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Figure A.10. Time-Lapse Images of DRG Cells on RGD-Modified PDL-Treated 
Surfaces. Inverted light microscope images of primary rat DRG cells cultured on 
substrates with different surface treatments after 10 days in culture. Scale bar 50 µm. 
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   Figure A.11. Time-Lapse Images of DRG Cells on RGD-Modified PDL-Treated Surfaces. Inverted 
light microscope images of primary rat DRG cells cultured on substrates with different surface treatments 
after 14 days in culture. Scale bar 50 µm. 
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Figure A.12. Time-Lapse Images of DRG Cells on RGD-Modified PDL-Treated 
Surfaces. Inverted light microscope images of primary rat DRG cells cultured on 
substrates with different surface treatments after 14 days in culture. Scale bar 50 µm. 
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Figure A.13.  CFM Images of DRG Cell Networks. Confocal fluorescence micrographs of primary rat 
DRG cells cultured on glass slides with cycRGD-PDL 3 surface treatment. Staining marks: nuclei 
(DAPI, blue), neurons (MAP2, red) and glia (GFAP, green). (b) and (c) show zoomed-in regions 































Figure A.14. Glia-Neurons Association Quantification Algorithm. (a) The color channels of the 
original confocal fluorescence micrographs are adjusted to reflect degree of overlap of green 
(corresponding to glia) and red (corresponding to neurons) signals. (b) The distances between the two 
signals are measured along the lateral axis of the nuclei to which they are closest. Two situations are 
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Figure A.15. Glia-Neurons Association Quantification. (a) Signal intensity profiles of all three 
color channels of the original confocal fluorescence micrographs corresponding to 4 nuclei in each 
situation identified in Fig. S13. (b) Box and whisker plots corresponding to the distances between the 
signals of the two channels with respect to the nuclei to which they are closest. The combined plot 
shows the distance between the red and green signals across all four situations. The black diamonds 
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Figure A.16. DRG Cell Culture on 3D DIW Structures. Geometric veriety of printed scaffolds 









Figure A.17. Impact on Cell Attachment of Aspect Ratios and Diffusible Molecules.  
Increased DRG cell attachment and process development on RGD-HEMA filaments with 





Figure A.18. (a) Consolidation of Clusters over Time on phh Scaffolds In 2D (Red) and 3D 
(Blue). The 3D scaffold leads to a significant decrease in cell cluster numbers over time. (b) Box and 
Whiskers Plots Showing the Increase in Cluster Size over Time Facilitated by the 3D Scaffolds 
(Blue) but not the 2D Scaffolds (Red). The black line represents the mean, showing the (only slight) 
increase of overall size of clusters over time in 3D. Whiskers extend to the minima and maxima of 
90% of the data. Box is divided by the median line into first quartile (bottom part) and third quartile 
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Figure A.19. DRG Cell Culture Response on 3D Scaffolds. Angled view of the printed 3D scaffold 
before cell culture (top left); phase contrast image of DRG cell growth on a pHH 3D scaffold (top 
right); zoomed-in phase contrast images of cell clusters or network details on pHH (middle row) and 






Table A.1. Results of Tukey’s range test for morphological data - surface coverage fractions - acquired 
from cell cultures developed on different engineered surfaces (Figure 1). 
Comparison MeanDiff SEM q Value P Alpha Sig LCL UCL 
linRGD-PDL I  cycRGD-PDL I -84.6043 43.93858 2.72309 0.54239 0.05 0 -225.054 55.8459 
cycRGD-PDL II  cycRGD-PDL I 141.8669 43.93858 4.56615 0.04622 0.05 1 1.41672 282.3171 
cycRGD-PDL II  linRGD-PDL I 226.4712 43.93858 7.28923 1.82E-04 0.05 1 86.02099 366.9213 
linRGD-PDL II  cycRGD-PDL I 584.2457 43.93858 18.80462 6.94E-09 0.05 1 443.7955 724.6958 
linRGD-PDL II  linRGD-PDL I 668.8499 43.93858 21.5277 2.24E-09 0.05 1 528.3998 809.3001 
linRGD-PDL II  cycRGD-PDL II 442.3788 43.93858 14.23847 1.54E-08 0.05 1 301.9286 582.829 
cycRGD-PDL III  cycRGD-PDL I 407.5935 43.93858 13.11886 4.51E-08 0.05 1 267.1434 548.0437 
cycRGD-PDL III  linRGD-PDL I 492.1978 43.93858 15.84195 9.08E-09 0.05 1 351.7476 632.6479 
cycRGD-PDL III  cycRGD-PDL II 265.7266 43.93858 8.55272 1.06E-05 0.05 1 125.2765 406.1768 
cycRGD-PDL III  linRGD-PDL II -176.652 43.93858 5.68575 0.00557 0.05 1 -317.102 -36.202 
linRGD-PDL III  cycRGD-PDL I 214.0237 43.93858 6.8886 4.39E-04 0.05 1 73.57357 354.4739 
linRGD-PDL III  linRGD-PDL I 298.628 43.93858 9.61168 1.10E-06 0.05 1 158.1778 439.0782 
linRGD-PDL III  cycRGD-PDL II 72.15685 43.93858 2.32245 0.7225 0.05 0 -68.2933 212.607 
linRGD-PDL III  linRGD-PDL II -370.222 43.93858 11.91602 5.88E-08 0.05 1 -510.672 -229.772 
linRGD-PDL III  cycRGD-PDL III -193.57 43.93858 6.23026 0.00181 0.05 1 -334.02 -53.1196 
Glass  cycRGD-PDL I 387.8839 43.93858 12.48449 5.07E-08 0.05 1 247.4337 528.334 
Glass  linRGD-PDL I 472.4881 43.93858 15.20757 1.17E-08 0.05 1 332.038 612.9383 
Glass  cycRGD-PDL II 246.017 43.93858 7.91834 4.45E-05 0.05 1 105.5668 386.4672 
Glass  linRGD-PDL II -196.362 43.93858 6.32013 0.0015 0.05 1 -336.812 -55.9116 
Glass  cycRGD-PDL III -19.7097 43.93858 0.63438 0.9998 0.05 0 -160.16 120.7405 
Glass  linRGD-PDL III 173.8601 43.93858 5.59589 0.00668 0.05 1 33.40997 314.3103 
PDL  cycRGD-PDL I 91.46733 43.93858 2.94398 0.44346 0.05 0 -48.9828 231.9175 
PDL  linRGD-PDL I 176.0716 43.93858 5.66707 0.00579 0.05 1 35.62144 316.5218 
PDL  cycRGD-PDL II -50.3996 43.93858 1.62217 0.94185 0.05 0 -190.85 90.05061 
PDL  linRGD-PDL II -492.778 43.93858 15.86063 9.02E-09 0.05 1 -633.229 -352.328 
PDL  cycRGD-PDL III -316.126 43.93858 10.17488 4.08E-07 0.05 1 -456.576 -175.676 
PDL  linRGD-PDL III -122.556 43.93858 3.94462 0.12656 0.05 0 -263.007 17.89376 




Table A.2. Results of Tukey’s range test for morphological data - surface coverage fractions - acquired 
from cell cultures developed on different engineered surfaces (Figure 2). 
Comparison MeanDiff SEM q Value P Alpha Sig LCL UCL 
cycRGD-PDL III  cycRGD-PDL I 0.35112 0.04102 12.10397 5.82E-08 0.05 1 0.21532 0.48692 
cycRGD-PDL III  linRGD-PDL I 0.36737 0.04102 12.6641 5.19E-08 0.05 1 0.23156 0.50317 
cycRGD-PDL III  cycRGD-PDL II 0.36391 0.04102 12.5449 5.28E-08 0.05 1 0.22811 0.49971 
cycRGD-PDL III  linRGD-PDL II 0.32195 0.04102 11.09863 7.79E-08 0.05 1 0.18615 0.45776 
linRGD-PDL III  cycRGD-PDL III -0.26874 0.04102 9.26434 1.38E-06 0.05 1 -0.40455 -0.13294 
cycRGD-PDL IV  cycRGD-PDL III -0.26556 0.04102 9.15444 1.80E-06 0.05 1 -0.40136 -0.12975 
linRGD-PDL IV  cycRGD-PDL III -0.30431 0.04102 10.49035 1.29E-07 0.05 1 -0.44011 -0.16851 
Glass  cycRGD-PDL III -0.24708 0.04102 8.51766 8.59E-06 0.05 1 -0.38289 -0.11128 





Table A.3. Results of Tukey’s range test for morphological data - scaffold coverage fractions - acquired 
from cell cultures developed on different engineered surfaces (Figure 4.a, top). 
Comparison MeanDiff SEM q Value P Alpha Sig LCL UCL 
RGD-pHH/RGD-PDL/g-1  vs. 
RGD-pHH/PDL/g-1 
0.13894 0.03355 5.85587 0.00289 0.05 1 0.028 0.24987 
RGD-pHH/RGD-PDL/g-1  vs. 
pHH/RGD-PDL/g-1 
0.12064 0.02122 8.03937 2.93E-06 0.05 1 0.05047 0.1908 
pHH/RGD-PDL/H-1  vs.  
RGD-pHH/RGD-PDL/g-1   
-0.11466 0.01838 8.82348 1.93E-07 0.05 1 -0.17543 -0.0539 
RGD-pHH/RGD-PDL/H-1  vs. 
RGD-pHH/PDL/g-1  
0.17102 0.03407 7.09804 7.10E-05 0.05 1 0.05836 0.28368 
RGD-pHH/RGD-PDL/H-1  vs. 
pHH/RGD-PDL/g-1 
0.15272 0.02203 9.80174 2.91E-08 0.05 1 0.07987 0.22557 
RGD-pHH/RGD-PDL/H-1  vs. 
RGD-pHH/PDL/H-1  
0.10923 0.03082 5.01202 0.02398 0.05 1 0.00733 0.21113 
RGD-pHH/RGD-PDL/H-1 vs.  
pHH/RGD-PDL/H-1 
0.14675 0.01931 10.74644 2.09E-08 0.05 1 0.0829 0.2106 
RGD-pHH/RGD-PDL/g-2  vs. 
RGD-pHH/PDL/g-2  
0.09972 0.02117 6.66139 2.81E-04 0.05 1 0.02972 0.16971 
RGD-pHH/RGD-PDL/g-2 vs.  
pHH/RGD-PDL/g-2  
0.14329 0.01894 10.69722 2.11E-08 0.05 1 0.08066 0.20593 
RGD-pHH/PDL/H-2 vs.  
pHH/RGD-PDL/g-2  
0.07591 0.01967 5.45724 0.00822 0.05 1 0.01087 0.14096 
pHH/RGD-PDL/H-2  vs RGD-
pHH/RGD-PDL/g-2  
-0.10799 0.01708 8.94217 1.34E-07 0.05 1 -0.16446 -0.05152 
RGD-pHH/RGD-PDL/H-2  vs. 
RGD-pHH/PDL/g-2  
0.1002 0.02062 6.87264 1.46E-04 0.05 1 0.03203 0.16837 
RGD-pHH/RGD-PDL/H-2  vs. 
pHH/RGD-PDL/g-2 
0.14378 0.01833 11.09528 1.91E-08 0.05 1 0.08319 0.20437 
RGD-pHH/RGD-PDL/H-2  vs. 
pHH/RGD-PDL/H-2  




Table A.4. Results of Tukey’s range test for morphological data - scaffold coverage fractions - acquired 
from cell cultures developed on different engineered surfaces (Figure 4.a, bottom).  
Comparison MeanDiff SEM q Value P Alpha Sig LCL UCL 
RGD-pHH/RGD-PDL/H-1  vs. 
RGD-pHH/PDL/g-1 
0.21398 0.06217 4.86769 0.03315 0.05 1 0.00844 0.41953 
RGD-pHH/RGD-PDL/H-1  vs. 
pHH/RGD-PDL/H-1 
0.11868 0.03523 4.7635 0.04155 0.05 1 0.00219 0.23518 
RGD-pHH/RGD-PDL/g-2 vs.  
RGD-pHH/PDL/g-2 
0.1383 0.03863 5.0636 0.0213 0.05 1 0.01059 0.26601 
RGD-pHH/PDL/H-2  vs.  
pHH/RGD-PDL/g-2 
-0.19091 0.03589 7.52192 1.75E-05 0.05 1 -0.30958 -0.07224 
RGD-pHH/PDL/H-2 vs.  RGD-
pHH/RGD-PDL/g-2 
-0.24507 0.04219 8.21421 1.58E-06 0.05 1 -0.38457 -0.10557 
pHH/RGD-PDL/H-2  vs. RGD-
pHH/PDL/H-2 




Table A.5. Comparison of mass transport behavior in pHH vs RGD- pHH 3D scaffolds. In total, we 




  Mean pHH Mean RGD-pHH U-Test Score 
Diffusion Radial 21.88 36.62 0.93 
Advection Spread Radial 0.03 0.20 0.08 
Start Spatial Scale Radial 2.81 3.20 0.47 
End Spatial Scale Radial 3.36 4.12 0.25 
     
Diffusion YZ 28.82 5.62 0.27 
Advection YZ 0.05 0.06 0.75 
Advection Spread YZ 2.06 2.07 0.36 
End Spatial Scale YZ 4.32 4.16 0.80 
     
Diffusion XZ 3.64 4.84 0.43 
Advection Spread XZ 0.11 0.09 0.08 
Start Spatial Scale XZ 1.85 1.69 0.14 
End Spatial Scale XZ 4.06 5.19 0.08 
     
Diffusion YX 13.63 3.80 0.11 
Advection Spread YX 0.09 0.04 0.33 
Start Spatial Scale YX 2.37 2.06 0.10 
End Spatial Scale YX 3.16 2.72 0.16 
Diffusion coefficient in 1×10
−6 




Table A.6. Comparison of mass transport behavior in pHH vs RGD-pHH 3D scaffolds, steps only. In 













  Mean pHH Mean RGD-pHH U-Test Score 
Diffusion radial 14.52 44.79 0.74 
Advection Spread radial 0.03 0.22 0.13 
Start Spatial Scale radial 2.59 3.20 0.31 
End Spatial Scale radial 3.07 4.09 0.24 
     
Diffusion YZ 35.86 4.29 0.74 
Advection Spread YZ 0.03 0.04 0.39 
Start Spatial Scale YZ 1.91 2.04 0.20 
End Spatial Scale YZ 3.77 4.13 0.15 
     
Diffusion XZ 4.28 6.65 0.79 
Advection Spread XZ 0.09 0.14 0.90 
Start Spatial Scale XZ 1.70 1.81 0.45 
End Spatial Scale XZ 3.90 6.75 0.09 
     
Diffusion YX 12.42 2.53 0.19 
Advection Spread YX 0.06 0.02 0.90 
Start Spatial Scale YX 2.23 2.02 0.37 
End Spatial Scale YX 3.09 2.58 0.45 
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